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Abstract
Background and Aims: Environmenta旭 DNA ｪeDNAｫ metabarcoding provides a high旭y 
sensitive method of surveying freshwater fish communitiesp a旭though studies to date 
have 旭arge旭y been restricted to temperate ecosystemss Due to 旭imited reference 
sequence avai旭abi旭ity and cha旭旭enges identifying c旭ose旭y re旭ated and rare species in 
diverse tropica旭 ecosystemsp the effectiveness of metabarcoding methods for sur-
veying tropica旭 fish communities from eDNA samp旭es remains uncertains To address 
thisp we app旭ied an eDNA metabarcoding approach to survey Lake Tanganyikaｷs ｪLTｫ 
species､rich 旭ittora旭 fish communitiess
Materials and Methods: As this system contains many c旭ose旭y re旭ated speciesp par-
ticu旭ar旭y cich旭id fishesp we used four primer sets inc旭uding a cich旭id､specific primer set 
ｪCich旭idｧCRｫs A reference database was bui旭t for the ゲゴsp ゲ葦sp and contro旭 region for 
ザズ芦 fish species inc旭uding over ゾザ鯵 of known cich旭idss
Results and Discussion: In si旭ico and in situ resu旭ts demonstrated wide variabi旭ity in the 
taxonomic reso旭ution of assignments by each primer with the cich旭id､specific marker 
ｪCich旭idｧCRｫ enab旭ing greater species､旭eve旭 assignments for this high旭y diverse fami旭ys 
A greater number of non､cich旭id te旭eost species were detected at sites compared to 
the visua旭 survey datas For cich旭id species howeverp sequencing depth substantia旭旭y 
inf旭uenced species richness estimates obtained from eDNA samp旭esp with increased 
depths producing estimates comparab旭e to that obtained from the visua旭 survey datas 
Conclusions: Our study high旭ights the importance of sequencing depth and 旭oca旭 
reference databases when undertaking metabarcoding studies within diverse eco-
systemsp as we旭旭 as demonstrating the potentia旭 of eDNA metabarcoding for survey-
ing diverse tropica旭 fish communitiesp even those containing c旭ose旭y re旭ated species 
within evo旭utionary radiationss
K E Y W O R D S
cich旭idsp environmenta旭 DNAp Lake Tanganyikap metabarcodingp reference databasep tropica旭 
freshwaters
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ゲ科 |科INTRODUC TION
Freshwaters g旭oba旭旭y represent high旭y productive and bio旭ogica旭旭y di-
verse ecosystemsp with much of this diversity centered in the tropics 
ｪCo旭旭en et a旭sp ゴグゲジｫs Aquatic habitats in South Americap Centra旭 and 
Eastern Africap and South､East Asia contain the highest species rich-
ness and endemicity across a旭旭 major freshwater taxonomic groups 
ｪexc旭uding crayfishｫp high旭ighting the importance of these regions for 
g旭oba旭 freshwater diversity ｪTisseui旭 et a旭sp ゴグゲザｫs As we旭旭 as hot spots 
of diversityp tropica旭 freshwaters have a旭so been foca旭 points of de-
ve旭opment and as a resu旭t face a broad range of stressors ｪStrayer 
ｹ Dudgeonp ゴグゲグｫs This has resu旭ted in rates of biodiversity dec旭ine 
in freshwaters surpassing that in both terrestria旭 and marine eco-
systemsp with extinction rates of freshwater fishes in the twentieth 
century exceeding that of a旭旭 other vertebrate groups ｪBurkheadp 
ゴグゲゴq Co旭旭en et a旭sp ゴグゲジｫs The recent Freshwater Living P旭anet Index 
reports average recorded popu旭ation dec旭ines since ゲゾゼグ in the Neo､ 
and Afrotropics of ゾジ鯵 and ゼズ鯵p respective旭y ｪGrooten ｹ A旭mondp 
ゴグゲ芦ｫs This exceeds terrestria旭 dec旭ines and high旭ights the substan-
tia旭 pressures on species within tropica旭 freshwater ecosystemss
Species richness and evenness measures underpin our under-
standing of bio旭ogica旭 diversity and our abi旭ity to monitor their re-
sponses to anthropogenic stressorss These measures are re旭iant 
on the accurate detections of species as they assume survey data 
are representative of the community samp旭ed ｪBuck旭andp Studenyp 
Magurranp ｹ Newsonp ゴグゲゲｫs Thereforep variation in the detectabi旭-
ity of species due to differing behaviors or across habitat types can 
旭ead to inaccuracies in diversity measures ｪGote旭旭i ｹ Co旭we旭旭p ゴグゲゲｫs 
Traditiona旭 methods of surveying freshwater ecosystems a旭旭 impose 
biases on datasets often re旭ating to the size and activity of indi-
vidua旭s ｪJackson ｹ Harveyp ゲゾゾゼｫs As a resu旭tp the survey method 
used has been shown to significant旭y inf旭uence the diversity va旭ues 
obtained from sites ｪDeacon et a旭sp ゴグゲゼq Jackson ｹ Harveyp ゲゾゾゼq 
O旭iveirap Gomesp Latinip ｹ Agostinhop ゴグゲゴｫs To he旭p overcome these 
individua旭 biasesp app旭ying mu旭tip旭e methods for surveying fish com-
munities has been wide旭y advocated ｪKubecka et a旭sp ゴググゾｫs
Recent旭yp environmenta旭 DNA ｪeDNAｫ metabarcoding has been 
shown to be a sensitive and cost､effective method of surveying 
freshwater communities ｪEvans et a旭sp ゴグゲゼq H士nf旭ing et a旭sp ゴグゲ葦q 
Va旭entini et a旭sp ゴグゲ葦ｫs Comparisons with other survey methods have 
demonstrated how eDNA metabarcoding data can comp旭ement 
traditiona旭 approaches often 旭eading to increased detection of spe-
cies and improved species richness estimates ｪDeiner et a旭sp ゴグゲゼｫs 
Despite thisp current app旭ications of eDNA metabarcoding within 
freshwaters have 旭arge旭y been restricted to temperate ecosystemsp 
with few pub旭ished studies within tropica旭 freshwaters ｪCantera et 
a旭sp ゴグゲゾq Ci旭旭eros et a旭sp ゴグゲゾq Lopes et a旭sp ゴグゲゼｫs Potentia旭 variabi旭ity 
in the effectiveness of these methods across temperate and tropica旭 
ecosystems cou旭d resu旭t from differences in the eco旭ogy of eDNA 
ｪEichmi旭旭erp Bestp ｹ Sorensenp ゴグゲ葦q Strick旭erp Fremierp ｹ Go旭dbergp 
ゴグゲズｫp variation in the detectabi旭ity of rare species within high旭y di-
verse tropica旭 fish communitiesp the existence of taxonomic prob-
旭ems for some fish taxa ｪDecru et a旭sp ゴグゲ葦ｫp and the abi旭ity of markers 
to distinguish between c旭ose旭y re旭ated species in tropica旭 ecosystems 
ｪBremanp Loixp Jordaensp Snoeksp ｹ Van Steenbergep ゴグゲ葦q Pereirap 
Hannerp Forestip ｹ O旭iveirap ゴグゲザｫs More diverse systems a旭so require 
higher samp旭ing depths to obtain accurate species richness estimates 
ｪGote旭旭i ｹ Co旭we旭旭p ゴグゲゲｫs As a resu旭tp current eDNA metabarcoding 
designs may require modifications ｪesgsp increased sequencing depthｫ 
to effective旭y survey the diverse fish communities found in many 
tropica旭 freshwater ecosystemss A recent app旭ication of eDNA me-
tabarcoding within tropica旭 South American streams high旭ighted the 
potentia旭 of this method for surveying diverse fish communitiesp 
whi旭e a旭so demonstrating some current 旭imitations in the detec-
tion of species compared to studies within temperate ecosystems 
ｪCi旭旭eros et a旭sp ゴグゲゾｫs Sti旭旭 in its infancy as a methodp there remains 
a need to test eDNA metabarcoding methods across a wider range 
of comp旭ex tropica旭 ecosystems to better understand the potentia旭 
of these approaches for surveying freshwater fish diversity g旭oba旭旭ys
Limiting factors preventing the app旭ication of eDNA metabar-
coding within tropica旭 systems inc旭ude difficu旭ties co旭旭ecting and 
preserving samp旭es within remote 旭ocationsp incomp旭ete taxonomic 
descriptions for many fish groups resu旭ting in cryptic biodiversity 
ｪDecru et a旭sp ゴグゲ葦q Sa旭es et a旭sp ゴグゲ芦ｫp and the 旭imited avai旭abi旭ity 
of sequences within pub旭ic databases for tropica旭 fish speciesp par-
ticu旭ar旭y for the common旭y used ゲゴs and ゲ葦s mitochondria旭 gene 
regionss Due to the extensive mo旭ecu旭ar and taxonomic work under-
taken on Lake Tanganyikaｷs ｪLTｫ fish fauna ｪSa旭zburgerp Van Bocx旭aerp 
ｹ Cohenp ゴグゲジq and refs thereinｫp most fish groups in this system 
are we旭旭 studied and there is a旭so a good avai旭abi旭ity of DNA samp旭es 
and sequences from museum and research group co旭旭ectionss As a 
resu旭tp LT provides an idea旭 tropica旭 system with which to test eDNA 
metabarcoding methodss
Lake Tanganyika contains an exceptiona旭 fish diversity with over 
ジググ speciesp most of which are endemic to the basin ｪSa旭zburger 
et a旭sp ゴグゲジｫs A key feature of LTｷs fish fauna is that much of its di-
versity emerged through in situ evo旭utionary radiationsp inc旭uding 
radiations of cich旭id fishes with at 旭east ゴジゲ known species ｪDayp 
Cottonp ｹ Barrac旭oughp ゴググ芦q Muschickp Indermaurp ｹ Sa旭zburgerp 
ゴグゲゴq Roncop B訟scherp Indermaurp ｹ Sa旭zburgerp ゴグゲゾｫp catfishes 
ｪDay and Wi旭kinson ゴググ葦p Peart et a旭s ゴグゲジｫp and mastacembe旭id 
spiny ee旭s ｪBrown et a旭sp ゴグゲグｫp with the 旭atter noncich旭id groups 
containing far fewer speciess The high 旭eve旭s of sequence simi旭arity 
between c旭ose旭y re旭ated and young species emerging from rapid 
evo旭utionary radiations can make accurate barcode identifications 
cha旭旭enging ｪSa旭zburgerp ゴグゲ芦ｫs For examp旭ep a recent study of LT 
cich旭id fishes showed the taxonomic reso旭ution of the traditiona旭 
COI barcoding region was 旭imited in some cases to species com-
p旭exes and genera ｪBreman et a旭sp ゴグゲ葦ｫs As with other 旭arge fresh-
water 旭akesp much of LTｷs fish diversity is found within the 旭ittora旭 
zone ｪVadeboncoeurp McIntyrep ｹ Vander Zandenp ゴグゲゲｫs The 旭oca旭 
species richness of fish communities is particu旭ar旭y high within 旭it-
tora旭 rocky habitats where as many as 葦グ fish speciesp inc旭uding ズジ 
cich旭idsp have been identified within a mu旭tiyear ゲグ ┌ ジグ m quad-
rat survey ｪTakeuchip Ochip Kohdap Sinyinzap ｹ Horip ゴグゲグｫp and 
ジゾ cich旭id species identified at one site in Maha旭e Nationa旭 Park 
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ｪBritton et a旭sp ゴグゲゼｫs As suchp accurate and consistent surveying 
of species within this habitat poses significant cha旭旭engesp with 
methods often re旭iant on 旭abor､intensive SCUBA visua旭 surveys or 
gi旭旭 nettingp a旭though see Widmer et a旭s ｪゴグゲゾｫ who uti旭ized video 
techno旭ogy for surveying LT cich旭id fishess
The high 旭oca旭 diversity and 旭arge number of c旭ose旭y re旭ated and 
young species within LTｷs 旭ittora旭 habitat poses a number of cha旭旭enges 
to eDNA metabarcoding methodsp many of which wi旭旭 be common 
across other tropica旭 ecosystemss Herep we deve旭op an extensive ref-
erence sequence database across key barcoding regions and co旭旭ect 
eDNA samp旭es a旭ongside visua旭 survey data to address a number of 
these cha旭旭engess Specifica旭旭yp we askedr ｪaｫ Can eDNA metabarcod-
ing methods accurate旭y identify LT cich旭id fishes to species 旭eve旭n ｪbｫ 
How effective is eDNA metabarcoding at detecting noncich旭id te旭eost 
species within the LT 旭ittora旭 habitatn ｪcｫ Are eDNA species richness 
estimates and detection rates comparab旭e to visua旭 survey datan
ゴ科 |科MATERIAL S AND METHODS
ゴsゲ科|科Site 旭ocations
Samp旭ing was undertaken within the Kigoma region of LT in Tanzania 
ｪFigure ゲｫp representing a we旭旭､studied and easi旭y reachab旭e area of 
the 旭ake ｪGPS 旭ocationsp Tab旭e Sズｫs The fish communities a旭ong this 
section of coast旭ine have received substantia旭 researchp with surveys 
of the 旭ittora旭 fish communities having been undertaken since ゴグゲズ 
ｪBritton et a旭sp ゴグゲゼｫs Two fie旭d seasons were undertaken to LT in 
September･October ゴグゲ葦 and May･June ゴグゲゼ during which visua旭 
F I G U R E  ゲ 科 Map of Lake Tanganyika 
samp旭ing 旭ocations for both fie旭d seasons 
in ゴグゲ葦 and ゴグゲゼs Site numbers increase 
from ゲ to ゴゲ in a northwards directions 
Green circ旭es are sites surveyed in 
ゴグゲ葦 on旭yp ye旭旭ow diamonds show sites 
surveyed in ゴグゲゼ on旭yp and red triang旭es 
are sites surveyed in both yearss Insetr 
Lake Tanganyikap with the red box 
high旭ighting the study areas Maps were 
created with QGIS vザsゴs The base map is 
Goog旭e Terrain map
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SCUBA survey data and eDNA samp旭es were co旭旭ected across ゴゲ 
sites a旭ong a ジゴ km stretch of coast旭ines
ゴsゴ科|科Samp旭ing
Surveys were focused a旭ong areas of rocky habitatp as this contains 
the most diverse 旭ittora旭 fish fauna ｪHorip Gashagazap Nshombop ｹ 
Kawanabep ゲゾゾザｫs The structure of 旭ittora旭 communities has been 
shown to differ across very fine spatia旭 sca旭esp particu旭ar旭y between 
depths of ゲ･ゲズ m ｪTakeuchi et a旭sp ゴグゲグｫs To capture thisp a nested 
design survey fo旭旭owing Britton et a旭s ｪゴグゲゼｫ was adopted at each site 
in which a series of ten stationary visua旭 surveys were undertaken 
at depths of ズ and ゲグ m ｪFigure Sゲｫ ｪBohnsack ｹ Bannerotp ゲゾ芦葦ｫs At 
each depthp five surveys were undertaken positioned at the centra旭 
eDNA co旭旭ection point and at ザグ and 葦グ m a旭ong the coast旭ine in either 
directions For further detai旭s of the survey designp see Appendix Sゴs
Prior to undertaking the visua旭 surveysp a water samp旭e was 
co旭旭ected from the mid､survey point at a depth of ズ m fo旭旭owing a 
design simi旭ar to Port et a旭s ｪゴグゲ葦ｫs Containers used for co旭旭ecting 
each eDNA samp旭e were rinsed with ズグ鯵 b旭each so旭ution ｪsodium 
hypoch旭orite concentration unknownｫ fo旭旭owed by 旭ake water at the 
co旭旭ection sites Divers remained ゲ m off the bottom to prevent kick-
ing up sediment that cou旭d a旭ter the eDNA within the water co旭umns 
Nitri旭e g旭oves were a旭so worn to reduce the potentia旭 of contaminat-
ing samp旭es with their own DNAs A sing旭e ゲグ L water samp旭e was 
co旭旭ected within a co旭旭apsib旭e containerp transferred to a more so旭id 
containerp and stored on ice within a coo旭er boxp whi旭e visua旭 surveys 
were undertakens Water samp旭es were subsequent旭y fi旭tered once 
back onshore within ゲゴ hr of co旭旭ections
Nitri旭e g旭oves were worn throughout the fi旭tering processp and 
prior to fi旭teringp the work surface was c旭eaned with ズグ鯵 commer-
cia旭 b旭each so旭utions eDNA samp旭es consisted of ゲsズ､L water fi旭ters 
ｪsubsamp旭es of the ゲグ L water samp旭eｫp with one eDNA samp旭e co旭-
旭ected per site in ゴグゲ葦 and three fi旭ter rep旭icates co旭旭ected per site 
in ゴグゲゼs Each ゲsズ L samp旭e was vacuum､fi旭tered onto steri旭e ジゼ mm 
diameterp グsジズ 拙m pore size ce旭旭u旭ose nitrate fi旭ter paper contained 
within ゴズグ m旭 disposab旭e Thermo Scientificｾ Na旭geneｾ Ana旭ytica旭 
Test Fi旭ter Funne旭ss Fi旭ters were then fo旭ded inwards three times and 
p旭aced within a ゴ､m旭 Eppendorf tubes In ゴグゲ葦p this tube was stored 
immediate旭y at ┋ゲ芦ﾀCp transported back to the UK at ┒┋芦グﾀC using 
a dry shipperp and then stored at ┋ゼグﾀC unti旭 extractions In ゴグゲゼp 
samp旭es were fu旭旭y submerged in ゾズ鯵 mo旭ecu旭ar grade ethano旭 at 
room temperature unti旭 returning to the UK after which they were 
stored at ┋ゴグﾀCs A fi旭tration b旭ank was co旭旭ected between the fi旭tra-
tion of every five samp旭es to monitor for potentia旭 contaminations 
This invo旭ved fi旭tering ゲsズ L of commercia旭 bott旭ed water ｪKi旭imanjaro 
brandｫ fo旭旭owing the same procedure as aboves
ゴsザ科|科Reference database
A mu旭timarker approach was adopted to overcome 旭ow divergences 
between c旭ose旭y re旭ated species for individua旭 markerss A tota旭 fish 
旭ist for species within the LT basin was deve旭oped based on FishBase 
ｪwwwsfishb asesorgｫp Brichard ｪゲゾ芦ゾｫp and Ronco et a旭s ｪゴグゲゾｫ ｪTab旭e 
Sゲｫs Cich旭id ゲゴsp ゲ葦sp and contro旭 region sequences for ゴズグ species 
were extracted from avai旭ab旭e mitogenome a旭ignments derived from 
who旭e genome assemb旭iess Separate species with identica旭 marker 
sequences within the reference database were grouped into spe-
cies comp旭exesp simi旭ar to Breman et a旭s ｪゴグゲ葦ｫs Separate species 
comp旭ex groupings were undertaken for each primer set based on 
marker reso旭ution ｪTab旭e Sゴｫs For each regionp one sequence per spe-
cies was inc旭uded in the reference databasep except for Oreochromis 
tanganicaep where a second sequence was inc旭uded from an individ-
ua旭 co旭旭ected from a fish farm within LTp in case the farmed popu-
旭ations differed from wi旭d oness Oreochromis tanganicae fish farmp 
Oreochromis malagarasip and Oreochromis niloticus sequences were 
obtained separate旭y through Sanger sequencing ｪAppendix Sゴｫp and 
an Aulonocranus dewindti contro旭 region sequence from NCBI was in-
c旭uded in the reference database as mitogenome extract sequences 
were not avai旭ab旭e for these speciess
Noncich旭id fish sequences were obtained using samp旭es from re-
search group co旭旭ections ｪDay and Sa旭zburger 旭absｫp the South African 
Institute for Aquatic Biodiversity ｪSAIABｫ and the American Museum 
of Natura旭 History ｪAMNHｫs Some samp旭es for species within the ref-
erence databasep 旭arge旭y inhabiting river catchmentsp were co旭旭ected 
outside of the LT basins As the taxonomies for some of these fish 
groups remain unreso旭vedp samp旭es co旭旭ected outside of this range 
may represent separate species yet to be describeds Neverthe旭essp 
they wou旭d be c旭ose re旭atives to those species found within the LT 
basins Eight samp旭es co旭旭ected within the LT basin were identified 
to genus 旭eve旭 for these fish groupss These samp旭es were a旭so se-
quenced and inc旭uded in the database to he旭p overcome the poten-
tia旭 issue of poor旭y described taxonomies ｪesgsp Amphiliusp Clariasp 
Enteromiusp Kneriap Leobarbusp and Opsaridiumｫs For the 旭aboratory 
methods undertaken to obtain reference database sequencesp see 
Appendix Sゴs
ゴsジ科|科Primer designp in si旭icop and in vitro testing
Reference database sequences for each region were used to de-
sign new primers targeting the 旭akeｷs cich旭ids and test these in 
si旭ico a旭ong with previous旭y pub旭ished universa旭 fish primer setss 
ecoPrimers was used to search these regions for suitab旭e variab旭e 
barcode 旭ocations ｪRiaz et a旭sp ゴグゲゲｫs This identified a high旭y vari-
ab旭e portion of the contro旭 region enab旭ing improved taxonomic 
reso旭utions Primers f旭anking this region were designed using se-
quence a旭ignments and Primerザ vグsジsグ ｪUntergasser et a旭sp ゴグゲゴｫs 
This primer set amp旭ifies a ザグゼ bp barcode fragmentp with the 
forward primer 旭ocated within the same region as the common旭y 
used L､Pro､F forward primer ｪMeyerp Morrisseyp ｹ Schartip ゲゾゾジｫs 
The ゲ葦sｧTe旭eo primer set was designed fo旭旭owing a simi旭ar method 
targeting the same variab旭e region as Veゲ葦sp whi旭e amp旭ifying a 
shorter barcode of ゴゼズ bp compared to ザゲグ bp ｪEvans et a旭sp ゴグゲ葦ｫs 
The new旭y designed Cich旭idｧCR and ゲ葦sｧTe旭eo primers a旭ong with 
previous旭y pub旭ished ゲゴS､Vズ and MiFish､U primer sets were se-
旭ected for in si旭ico testing ｪMiya et a旭sp ゴグゲズq Riaz et a旭sp ゴグゲゲｫs
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Primer specificity was eva旭uated using PrimerMiner vグsゲ芦 with 
thresho旭d scores ranging between ゲグ and ザググ ｪBy旭emansp G旭eesonp 
Hardyp ｹ Fur旭anp ゴグゲ芦q E旭brecht ｹ Leesep ゴグゲゼｫs Kimura､ゴ､Parameter 
ｪKゴPｫ distances were ca旭cu旭ated for each marker using ape vズsゲ to 
investigate the genetic divergences between species within the 
reference databases ｪKimurap ゲゾ芦グq Paradisp C旭audep ｹ Strimmerp 
ゴググジｫs DNA extracts for ゲゼ fish species found within LT were am-
p旭ified with each primer set to test their consistency of amp旭ification 
across taxa ｪTab旭e S芦ｫs ゲsズ L eDNA samp旭esp fi旭tered fo旭旭owing the 
same methods as for the fie旭d samp旭esp were a旭so co旭旭ected from the 
LT tank at Zoo旭ogica旭 Society of London ｪZSLｫs This aquarium con-
tained five cich旭id species endemic to the 旭ake ｪJulidochromis spsp 
Haplotaxodon microlepisp Altolamprologus calvusp Neolamprologus lon-
giorp and Lepidiolamprologus kendalliｫ with eDNA samp旭es sequenced 
fo旭旭owing the same metabarcoding methods detai旭ed be旭ows The 
four se旭ected primers are shown in Tab旭e ゲ with their 旭ocations in 
each gene region high旭ighted in Figure Sゴs
ゴsズ科|科DNA extraction and PCR amp旭ifications
Further detai旭s of the DNA extractions and PCR amp旭ifications are 
provided within the Appendix Sゴs Brief旭yp samp旭e fi旭ters were ex-
tracted using the Qiagen DNeasy® B旭ood ｹ Tissue Kit fo旭旭owing a 
modified protoco旭 in combination with a Qiagen QIAshredder based 
on the methods of Go旭dberg et a旭s ｪゴグゲゲｫ and Lacoursi治re､rousse旭 et 
a旭s ｪゴグゲ葦ｫs DNA was amp旭ified using a two､step PCR protoco旭p with 
barcoded I旭旭umina adapters added in a second amp旭ification ｪPCRゴｫs 
Amp旭icon PCRs ｪPCRゲｫ were rep旭icated four times for each samp旭e 
and poo旭ed to minimize PCR biass A旭旭 fi旭ter and extraction contro旭s 
were inc旭uded in the PCRss
ゴs葦科|科Library quantification and origina旭 
sequencing run
Fo旭旭owing PCRゴp ゴ 拙旭 of product from each reaction was quantified 
using a FLUOstar Optima ｪPromegaｫs Based on these resu旭tsp sam-
p旭es were norma旭ized to equa旭 concentrationsp poo旭ed into groups 
of 芦p and c旭eaned with AmPure XP beadss The I旭旭umina､tagged DNA 
concentration of each poo旭 was quantified using the KAPA Library 
Quantification Kit run on a QuantStudio ゲゴK ｪApp旭ied Biosys temsｫ and 
DNA fragment size identified with an Agi旭ent ゴゲググ Ana旭yzers As this 
identified 旭ike旭y primer dimer in some samp旭e poo旭sp these were size､
se旭ected using a B旭uePippin ｪSage Scienceｫ and re､run on an Agi旭ent 
ゴゲググ Ana旭ysers Fina旭 poo旭s were quantified using both the KAPA 
Library Quantification Kit and a QUBIT ザsグ using the dsDNA HS assays
Libraries were sequenced on an I旭旭umina MiSeq p旭atform at the 
Sheffie旭d Chi旭drenｷs Hospita旭 Next Generation Sequencing Faci旭itys The 
MiFish and ゲゴS､Vズ poo旭 were sequenced on a ゲズグ bp Paired､End se-
quencing runp and a ゴズグ bp Paired､End run was used for the ゲ葦sｧTe旭eo 
and Cich旭idｧCR poo旭s A ゲグ鯵 PhiX spike､in was inc旭uded on both runs 
to increase the sequence comp旭exitys In tota旭p ゼズ samp旭es were se-
quenced for each primer setp comprising ズゲ fie旭d samp旭esp ズ aquarium 
samp旭esp ゲゲ fi旭ter negative contro旭sp and 芦 extraction negative contro旭ss
ゴsゼ科|科Bioinformatic ana旭yses
Ana旭yses were run on the High Performance Computing C旭uster at the 
University of Sheffie旭dp with fu旭旭 detai旭s on software and parameters 
used provided in the Appendix Sゴs Brief旭yp reads were qua旭ity checked 
with FastQC ｪAndrewsp ゴグゲグｫ and trimmed based on read qua旭ity with 
the remova旭 of I旭旭umina sequencing adaptors using Trimmomatic vグsザ葦 
ｪBo旭gerp Lohsep ｹ Usade旭p ゴグゲジｫs Qua旭ity fi旭tered reads were a旭igned 
with FLASH vゲsゴsゲゲ ｪMago飼 ｹ Sa旭zbergp ゴグゲゲｫ and primers trimmed 
a旭旭owing for one mismatch with Mothur vゲsザゼsゲ ｪSch旭oss et a旭sp ゴググゾｫs 
Sequences were derep旭icated with USEARCH vゾsゴs葦ジ ｪEdgarp ゴグゲグｫ 
and c旭ustered into high reso旭ution MOTUs with Swarm vゴ ｪd ┎ ゲｫ 
ｪMah爾p Rognesp Quincep De Vargasp ｹ Dunthornp ゴグゲズｫs MOTUs with a 
read count 旭ess than ザ were removed ｪas in H士nf旭ing et a旭sp ゴグゲ葦ｫs
B旭ast┊ searches were undertaken against the 旭oca旭 reference da-
tabase for each markers Fo旭旭owing thisp taxonomies were assigned 
with MEGAN v葦 based on primer､specific identity thresho旭ds of 
ゾゼ｠ゾ芦鯵p using defau旭t parameters apart for a minimum score of ゴググp 
a minimum e､va旭ue of ゲグ10p and a top percent of ゴs Remaining unas-
signed MOTUs were removeds
To investigate the 旭ike旭y identity of unassigned MOTUsp a sec-
ondary b旭ast search was undertaken against the NCBI nuc旭eotide 
database with taxa assigned using the same methods as for the 旭oca旭 
reference databases Taxa assigned at this stage to previous旭y unas-
signed reads were not inc旭uded within the fina旭 dataset from which 
species richness estimates were deriveds
ゴs芦科|科Error fi旭tering and fina旭 eDNA 
matrix assignment
To reduce the impact of fa旭se positivesp the maximum read count for 
each MOTU found in any of the fi旭ter or extraction negative contro旭s 
TA B L E  ゲ 科 Primers used for the first round of amp旭ifications
Name Region Forward primer 12 (5'3') Reverse primer (5'3')
Barcode 
length (bp) Reference
MiFish､U ゲゴs GTCGGTAAAACTCGTGCCAGC CATAGTGGGGTATCTAATCCCAGTTTG ゲゼグ Miya et a旭s ｪゴグゲズｫ
ゲゴS､Vズ ゲゴs ACTGGGATTAGATACCCC TAGAACAGGCTCCTCTAG ゲグ葦 Riaz et a旭s ｪゴグゲゲｫ
ゲ葦sｧTe旭eo ゲ葦s GACGAGAAGACCCTDTGGAG GTCCTGATCCAACATCGAG ゴゼ芦 This pub旭ication
Cich旭idｧCR Contro旭 
Region
CCTACCCCTAGCTCCCAAAG ACTGATGGTGGGCTCTTACTACA ザグゼ This pub旭ication
科架 科 | 科ゴゾDOBLE ET AL.
was subtracted from the read counts for the respective MOTUs 
within the LT and aquarium samp旭ess MOTUs were then grouped 
together by their assigned taxonomys Fina旭旭yp taxonomic assign-
ments with a samp旭e read count be旭ow グsゲズ鯵 were removeds This 
was based on read counts within the aquarium samp旭esp removing 
any assignments to species not found within the aquariump except 
potentia旭 misidentifications to c旭ose re旭atives by the MiFish markers 
Taxonomic assignments from each primer set were aggregated to-
gether to form a fina旭 matrixs Those at a higher 旭eve旭 than species or 
species comp旭ex were removeds
ゴsゾ科|科Increased sequencing depth
Fo旭旭owing the ana旭ysis of the initia旭 resu旭tsp a subset of samp旭es 
ｪN ┎ ゴジｫ co旭旭ected in ゴグゲゼ from eight sites ｪザp ジp ゲグp ゲゲp ゲ葦p ゲゼp ゴグp ｹ 
ゴゲｫ were re､sequenced on a MiSeq run with the Cich旭idｧCR marker to 
investigate the impact of sequencing depth on the species richness 
estimates obtained from the metabarcoding datas Six PCR rep旭icates 
were undertaken per a samp旭ep producing a tota旭 of ゲ芦 technica旭 rep-
旭icates per a sites Library preparationp sequencingp and bioinformatic 
ana旭ysis steps were consistent with those for the origina旭 sequencing 
runs detai旭ed above ｪfor further informationp see Appendix Sゴｫs
ゴsゲグ科|科Statistica旭 ana旭ysis
A旭旭 statistica旭 ana旭ysis was undertaken in RStudio vゲsゲsジズザ ｪRStudio 
Teamp ゴグゲズｫs Tota旭 matrices were converted to presence･absence 
for comparisons between yearp fi旭ter rep旭icatesp and survey methodss 
Visua旭 survey species accumu旭ation curves were produced using 
iNEXT vゴsグsゲゼ ｪHsiehp Map ｹ Chaop ゴグゲ葦ｫs Accumu旭ation curves for 
the eDNA samp旭es and site species richness va旭ues were ca旭cu旭ated 
using Vegan vゴsズsジs eDNA accumu旭ation curves were ca旭cu旭ated for 
ゴグゲゼ sites on旭y as these contained three fi旭ter rep旭icates per sites To 
investigate sca旭es of detectionp Sørenson dissimi旭arity va旭ues were 
ca旭cu旭ated between the eDNA site species richness estimates and 
those derived from the visua旭 survey data at five different sca旭esq ｪaｫ 
site sca旭e where there is a maximum distance of 葦グ m between sur-
veys and eDNA samp旭esq ｪbｫ the centra旭 three survey points ｪat both 
depthsｫ with a maximum of ザグ m between surveys and eDNA sam-
p旭esq ｪcｫ the centra旭 survey points where eDNA samp旭es were co旭-
旭ectedq ｪdｫ surveys at ズ mq and ｪeｫ surveys at ゲグ m depths Sørenson 
dissimi旭arity va旭ues were ca旭cu旭ated with betapart vゲsズsグ ｪBase旭ga ｹ 
Ormep ゴグゲゴq Oksanen et a旭sp ゴグゲゴｫs
ザ科 |科RESULTS
ザsゲ科|科Visua旭 surveys
A tota旭 of ゾジズ detections representing 葦ザ species were made across 
the visua旭 surveysp inc旭uding ズズ cich旭id and 芦 noncich旭id species 
ｪTab旭e Sジｫs Interpo旭ated and extrapo旭ated samp旭ing curves showed 
c旭ear p旭ateauing at the majority of sitesp demonstrating sufficient 
samp旭ing comp旭eteness in both fie旭d seasons ｪFigures Sザ and Sジｫs
ザsゴ科|科Reference database and in si旭ico testing
A tota旭 of ジザゲ fish species from ゴゴ fami旭ies were identified as oc-
curring in LT and its broader catchment area ｪTab旭es Sゲ and S葦ｫs This 
inc旭udes ゴゼゴ cich旭id species of which ゴゲザ are described with the re-
mainder current旭y either undescribed or putative ｪRonco et a旭sp ゴグゲゾｫs 
Reference database sequences were obtained for ザズ芦 fish species 
ｪinc旭uding eight taxa on旭y identified to genus 旭eve旭ｫ representing 芦ザ鯵 
of species and ゴズジ cich旭id species representing ゾザ鯵 from this fam-
i旭ys In si旭ico resu旭ts demonstrate the MiFishp ゲゴS､Vズp and ゲ葦sｧTe旭eo 
primer sets are high旭y conserved across the 旭akeｷs fishesp except 
for a first base mismatch against the Synodontis catfishes ｪｶゲゲ sppsｫ 
for the ゲゴS､Vズ primer set ｪFigure Sズｫs The Cich旭idｧCR primer set is 
high旭y conserved across the 旭akeｷs cich旭id fishes with no mismatches 
within the first seven bases of either primers These resu旭ts were sup-
ported by the consistent amp旭ification of DNA across ゲゼ fish species 
in the 旭ake by the three universa旭 fish primers and ゲグ cich旭id fishes 
by Cich旭idｧCR ｪFigure S葦 and Tab旭e S芦ｫs Further testing of the new旭y 
designed ゲ葦sｧTe旭eo and Cich旭idｧCR primers against the MitoFish da-
tabase and cich旭id mitogenomes within NCBIp respective旭yp demon-
strated these primers are 旭arge旭y conserved across fish species and 
cich旭ids g旭oba旭旭y ｪTab旭e Sゼｫs
The percentage of species with unique barcodes in the reference 
database ranged between ザ葦sゲ鯵 for the ゲゴS､Vズ markerp 葦芦s葦鯵 for 
MiFishp 芦グsザ鯵 for ゲ葦sｧTe旭eop and ゾ葦s芦鯵 for Cich旭idｧCR ｪFigure Sゼｫs 
Species with identica旭 sequences were grouped into marker､specific 
species comp旭exes ｪTab旭e Sゴｫs The genetic distances of species to 
their c旭osest neighbor had a mean of ゴsグ鯵 for the MiFish markerp 
ゲsグ鯵 for ゲゴS､Vズp ゴsズ鯵 for ゲ葦sｧTe旭eop and ジs葦鯵 for Cich旭idｧCR ｪFigure 
Sゾｫs C旭osest neighbor genetic distances for the cich旭id fishes were 
旭arge旭y be旭ow ゴ鯵 for most markers with ゾs芦鯵 of MiFishp ゴsグ鯵 of ゲゴ､
Vズp ゲ芦sグ鯵 of ゲ葦sｧTe旭eop and ゼゴsズ鯵 of Cich旭idｧCR barcodes having 
divergence va旭ues greater than ゴ鯵s This increased for the noncich旭id 
fishes across the three universa旭 fish primers with ズゾs葦鯵p ザゼsグ鯵p and 
ズゼsグ鯵 of MiFishp ゲゴS､Vズp and ゲ葦sｧTe旭eo barcodesp respective旭yp hav-
ing c旭osest neighbor divergence va旭ues higher than ゴ鯵s
Mean within､genus genetic distances a旭so varied considerab旭y 
between markers ｪFigure S芦ｫ ranging between ゴsザゲ鯵 and ゲゴsゲザ鯵 
ｪTab旭e Sゾｫs Within､genus KゴP distances for the cich旭id fishes were 
three to four times higher for Cich旭idｧCR compared to the other 
three markerss The distribution of genetic divergence is a旭so greater 
for Cich旭idｧCR compared to the other three markers ranging be-
tween グ鯵 and ゴ芦sズ鯵 ｪFigure S芦ｫs The increased interspecific vari-
abi旭ity within the Cich旭idｧCR barcode for the cich旭id fishes suggests 
a 旭ike旭y improved taxonomic reso旭ution compared to the other three 
markersp with the potentia旭 to identify many cich旭ids down to species 
level.
ザsザ科|科Origina旭 sequence data
In tota旭p ゲゲsズ mi旭旭ion and 芦s葦 mi旭旭ion paired､end reads were ob-
tained from the ゴ ┌ ゲズグ bp and ゴ ┌ ゴズグ bp MiSeq runsp respective旭ys 
Fo旭旭owing the bioinformatic fi旭tering steps ｪshown in Tab旭e Sゲグｫp a 
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tota旭 of ゾsゲ mi旭旭ion reads remained across the four primer setss 
ズsゲ mi旭旭ion reads were assigned to the MiFish primer set with the 
other three primers ranging between ゾズゴ thousand and ゲsゼ mi旭旭ion 
readss Low read counts were identified for some samp旭es with each 
primer set ｪMiFish ┎ 葦p ゲゴS､Vズ ┎ ゼp ゲ葦sｧTe旭eo ┎ ゴ and Cich旭idｧCR ┎ ゴｫ 
that were u旭timate旭y removeds These were not consistent across the 
samp旭es apart from rep旭icates for sites ゴ and ゲ芦 in ゴグゲゼ that had 
very 旭ow extract DNA concentrations ｪ┑ゴ ng｠拙旭ｫs Fo旭旭owing fi旭ter-
ing ｪTab旭e Sゲグｫp mean sequencing depths per a site were ゲズズpゴグ芦 in 
ゴグゲ葦 ｪone fi旭ter rep旭icateｫ and ズザゲpゴ葦ゼ in ゴグゲゼ ｪwith three fi旭ter rep-
旭icatesｫs Mean LT samp旭e depths for each marker were ゲグ芦pザ葦ゴ reads 
for MiFishp ザ葦p芦芦グ for ゲゴS､Vズp ゴズpゼ芦ゼ for ゲ葦sｧTe旭eop and ゲゾpゲゾ芦 for 
Cich旭idｧCRs Species accumu旭ation curves for the ゴグゲゼ eDNA sam-
p旭es showed 旭itt旭e p旭ateauing demonstrating 旭imited samp旭ing com-
p旭eteness and suggesting sequencing depth may not be sufficient at 
some sites ｪFigure Sゲグｫs Of the ゲゾ fi旭ter and extraction contro旭s se-
quencedp no contamination was identified within the negative con-
tro旭s for any of the species within the 旭oca旭 reference databases The 
secondary NCBI b旭ast search did identify human assigned ゲゴS､Vズ 
ｪN ┎ ズｫ and ゲ葦sｧTe旭eo ｪN ┎ ザｫ reads within some of the fie旭d fi旭ter con-
tro旭s 旭ike旭y resu旭ting from the co旭旭ecting or fi旭tering of eDNA samp旭es 
in the fie旭d as these were not present in any of the DNA extraction 
negative contro旭ss
Taxa from ゲゴ fish fami旭ies within the reference database were 
assigned to MOTUs ｪFigure ゴｫs Cich旭idae dominated both the MOTU 
and read counts of a旭旭 four primer setsp 旭arge旭y ref旭ecting their abun-
dance within the 旭ittora旭 habitats The MiFish primer set showed a 
high specificity to fishes with ゾ葦sゾ鯵 of reads assigned to sequences 
within the reference databases For the ゲゴS､Vズp ゲ葦sｧTe旭eop and 
Cich旭idｧCR markersp ジゼsゴ鯵p ジゾsジ鯵p and ザゴsズ鯵 of readsp respective旭yp 
remained unassigneds The secondary b旭ast search against the NCBI 
nt database demonstrated the majority of these reads were assigned 
to Vertebratap primari旭y Hominidaep for the ゲゴS､Vズ and ゲ葦sｧTe旭eo 
primer sets ｪFigure ゴｫs For Cich旭idｧCRp 芦葦鯵 of unassigned reads 
matched to LT cich旭id sequences not inc旭uded within the 旭oca旭 refer-
ence databases This 旭ike旭y ref旭ects intraspecific variabi旭ity within the 
Cich旭idｧCR barcode not accounted for within the reference database 
for which there is current旭y one sequence per speciess Species､旭eve旭 
assignments to MOTUs made by the 旭oca旭 reference and NCBI data-
bases were found to differ in ザジsズ鯵 of cases with species in different 
genera assigned to ザsズ鯵 of MOTUss To ensure the accuracy of iden-
tificationsp MOTUs with on旭y NCBI assignments were therefore not 
inc旭uded within the fina旭 datasets
ザsジ科|科Aquarium samp旭es
A旭旭 four markers consistent旭y identified N. longiorp which is by far 
the most abundant fish species within the ZSL tank ｪTab旭e Sゲゲｫs 
Julidochromis dickfeldi species､旭eve旭 assignments were made by the 
MiFish and Cich旭idｧCR markers for the Julidochromis sps within the 
tanks The remaining assignmentsp howeverp were 旭imited to genusp 
tribep or fami旭y 旭eve旭p with no read assignments corresponding to 
A. calvus or H. microlepis for the Cich旭idｧCR markers The MiFish 
marker a旭so made two erroneous assignments to c旭ose re旭atives of 
species found within the aquarium shown be旭ow the dashed 旭ine in 
Tab旭e Sゲゲs The aquarium samp旭es high旭ight the cha旭旭enges identify-
ing taxa down to species 旭eve旭 with varying taxonomic reso旭utions 
achieved across a旭旭 four primer setss
ザsズ科|科Lake Tanganyika samp旭es
The majority of MOTUs and reads were assigned to taxonomic 旭eve旭s 
above species and species comp旭ex for the three universa旭 fish prim-
ers ｪFigures Sゲゲ and Sゲゴｫs ザゼsゲ鯵p ジグsゾ鯵p and ザジsゴ鯵 of tota旭 reads 
were identified to species 旭eve旭 by the MiFishp ゲゴS､Vズp and ゲ葦sｧ
Te旭eo markersp respective旭ys ザゾsゴ鯵 of ゲゴS､Vズ reads were assigned 
to fami旭y 旭eve旭p greater than a旭旭 three other markers ｪMiFish ┎ ゴゼs葦鯵p 
ゲ葦sｧTe旭eo ┎ 葦sゼ鯵p and Cich旭idｧCR ┎ グsグゲ鯵ｫs A much higher propor-
tion of MOTUs and reads were assigned to species 旭eve旭 by Cich旭idｧ
CR with 芦ゲsゴ鯵 of MOTUs and ゼ葦s葦鯵 of reads assigned to species 
旭eve旭p respective旭ys
Within the fina旭 eDNA datasetp 葦ジズ detections of ゲグゾ species 
or species comp旭exes ｪN ┎ 芦ｫ were made across the eDNA samp旭es 
in both yearsp inc旭uding 芦ジ cich旭ids and ゴズ noncich旭ids ｪTab旭e Sザｫs 
No species､旭eve旭 assignments were made for Clarias catfishesp so 
on旭y the genus assignment was inc旭udeds Of the 芦ジ cich旭id species 
identifiedp ゲゾ were un旭ike旭y to be found a旭ong the surveyed rangep 
based on previous coast旭ine survey data and Konings ｪゴグゲズｫ ｪTab旭e 
Sザｫs These species represented ゼs葦鯵 of site occurrences within the 
eDNA dataset with ゲ葦 species occurring three or 旭ess timess On旭y 
three of the mis､assigned species had nearest neighbor KゴP dis-
tances greater than ゴ鯵 with a mean of ゲsザゼ鯵 within their identify-
ing markerss This demonstrates they a旭旭 had c旭ose genetic re旭atives 
within the reference databases Simi旭ar to the aquarium samp旭esp 
these were considered to be erroneous assignments 旭ike旭y repre-
senting fa旭se positivess As a resu旭tp they were removed from further 
ana旭ysis for comparisons with the visua旭 survey datas
Of the 葦ズ remaining cich旭id identificationsp ザゲ ｪジ芦鯵ｫ were made 
by one markerp ゲゾ ｪゴゾ鯵ｫ by twop ゾ ｪゲジ鯵ｫ by threep and 葦 ｪゾ鯵ｫ by four 
markers ｪFigure ザaｫs A tota旭 of ジジ cich旭id species were detected by 
Cich旭idｧCRp ザザ by ゲ葦sｧTe旭eop ゴゾ by MiFishp and ゲジ by ゲゴS､Vズs The 
Cich旭idｧCR primer set a旭so detected the most unique cich旭id species 
with ゲゼ independent identificationss Of the ゴズ noncich旭id identifica-
tionsp eight were made by a旭旭 three markersp with ゲ葦sｧTe旭eo ｪN ┎ ゲゾｫ 
and MiFish ｪN ┎ ゲ芦ｫ detecting more species than ゲゴS､Vズ ｪN ┎ ゲゲｫ 
ｪFigure ザbｫs On旭y two of the ゲゾ erroneous species identifications 
were made by more than one marker ｪFigure ザcｫs Of the remaining 
identificationsp three were made by MiFishp two by ゲゴS､Vズp seven by 
ゲ葦sｧTe旭eop and five by Cich旭idｧCRs
ザs葦科|科eDNA samp旭e comparison
No re旭ationship was identified between species richness estimate 
and the standardized read counts of samp旭es ｪSpearman rho ┎ ┋sゲジp 
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F I G U R E  ゴ 科 Fami旭ies to which MOTUs and sequence reads were assigned ｪtopｫ and fami旭ies to which unassigned MOTUs and sequences 
were assigned with a secondary b旭ast search against the NCBI nt database ｪbottomｫ
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p ┎ sグズ芦p N ┎ ゲ芦グｫ or sites ｪSpearman rho ┎ sゲゾp p ┎ sザズp N ┎ ゴゼｫs 
Fi旭ter rep旭icates co旭旭ected at sites in ゴグゲゼ showed 旭imited simi旭arity in 
species detected ｪFigure ジｫs In tota旭p ズザ鯵 of species detections were 
made by one fi旭terp ゴザ鯵 by twop and ゴジ鯵 by threes A significant nega-
tive corre旭ation was identified between tota旭 site species richness 
and the percent of species identified in on旭y one bio旭ogica旭 rep旭icate 
ｪSpearman rho ┎ ┋sゼグp p ┎ sグゲズp N ┎ ゲゴｫp with a significant positive 
corre旭ation a旭so identified between site species richness and the 
percent of species identified in three bio旭ogica旭 rep旭icates ｪSpearman 
rho ┎ s芦グp p ┎ sググゴp N ┎ ゲゴｫs
ザsゼ科|科eDNA fie旭d season comparison
The use of mu旭tip旭e fi旭ter rep旭icates in the ゴグゲゼ fie旭d season resu旭ted 
in increased eDNA species richness estimates for each site com-
pared to ゴグゲ葦s Mean eDNA species richness estimates across a旭旭 
sites were ゲゼsゲ in ゴグゲ葦 and ゴ芦sザ in ゴグゲゼp whi旭e the six sites surveyed 
in both years had a mean species richness estimate of ゲザsグ in ゴグゲ葦 
and ゴゼsゼ in ゴグゲゼs Sørenson dissimi旭arity comparisons of the ゴグゲ葦 
and ゴグゲゼ species richness estimates derived from each site there-
fore showed 旭imited simi旭arity ranging between グsザゼ and グs芦ズ ｪTab旭e 
Sゲゴｫs The nestedness component dominated at four sites compared 
with species turnover as a resu旭t of the 旭ower species richness esti-
mates derived from the ゴグゲ葦 samp旭es compared to ゴグゲゼs
ザs芦科|科Comparison of eDNA and visua旭 survey site 
diversity estimates
Based on the initia旭 sequencing run across a旭旭 surveysp a tota旭 of ゲグザ 
species were detectedp with ズグ species ｪジザ cich旭ids and ゼ noncich旭idsｫ 
identified by both methodsq ジグ ｪゴゴ cich旭ids and ゲ芦 noncich旭idsｫ by 
the eDNA method on旭yq and ゲザ ｪゲゴ cich旭ids and ゲ noncich旭idｫ by the 
visua旭 surveys on旭ys Visua旭 survey species richness estimates were 
consistent旭y higher compared with those derived from the eDNA 
samp旭es in both years ｪFigure ズｫs This was 旭arge旭y due to a reduced 
detection of cich旭ids at each sitep with a number of common旭y ob-
served species missing from or underrepresented within the eDNA 
datasets For examp旭ep Lamprologus callipterusp Lepidiolamprologus 
attenuatesp and Perrisodus microlepis that had ゴ葦p ゴ葦p and ゴゼ site 
occurrences within the visua旭 survey datap respective旭yp were not 
present within the eDNA datasets A reduced number of detections 
per species were a旭so consistent旭y observed within the eDNA data 
compared to the visua旭 survey dataset ｪFigure Sゲジｫs
The eDNA dataset consistent旭y detected a greater number of 
noncich旭id species at each site compared with the visua旭 survey 
data particu旭ar旭y in ゴグゲゼ ｪFigure ズｫs Across the ゴグゲ葦 and ゴグゲゼ fie旭d 
seasonsp a mean of ザsゾ and 芦sザ noncich旭id speciesp respective旭yp 
was detected per site within the eDNA dataset compared to ゴsグ 
and ザsザp respective旭yp from the visua旭 surveyss In tota旭p a greater 
number of noncich旭id species detected within the eDNA samp旭es 
ｪN ┎ ゴズｫ compared to the visua旭 surveys ｪN ┎ 芦ｫs This inc旭udes an 
increased number of detected species within the Mastacembelus 
spiny ee旭p Synodontisp and c旭aroteid catfish radiationsp as we旭旭 as of 
other catfishes ｪesgsp Malapterurus tanganyikaensisp Tanganikallabes 
mortiauxiｫp Lates speciesp the 旭akeｷs two freshwater herring spe-
cies ｪLimnothrissa miodon and Stolothrissa tanganicaeｫ and Acapoeta 
tanganicae. Observed Barbus sps ｪpossib旭y a misidentification of 
A. tanganicaeｫ assigned to genus 旭eve旭 at sites in ゴグゲゼ was the 
on旭y noncich旭id detected by the visua旭 surveys not inc旭uded in the 
eDNA datasets
Species detections for the eDNA and visua旭 survey methods 
showed 旭imited simi旭arity at each site ｪTab旭e ゴｫs In ゴグゲ葦p an average 
of ゴゴ鯵 of species detected at each site were found within the eDNA 
and visua旭 survey datasetsp ゴゲ鯵 were in the eDNA data on旭yp and ズゼ鯵 
F I G U R E  ザ 科 Primer detections of fish species within the 
eDNA datasets Identifications are sp旭it into cich旭id fishes on旭y ｪaｫp 
noncich旭id fishes ｪbｫ and 旭ike旭y fa旭se positives ｪcｫ
科架 科 | 科ザザDOBLE ET AL.
in the visua旭 survey data on旭ys In ゴグゲゼp the number of species detected 
by both survey methods at each site increased to ゴゼ鯵 with ゴ葦鯵 de-
tected by the eDNA data on旭y and ジ葦鯵 by the visua旭 survey on旭ys As a 
resu旭tp mean Sørenson dissimi旭arity va旭ues of グs葦葦 and グsズゾ were de-
tected across ゴグゲ葦 and ゴグゲゼp respective旭yp demonstrating this differ-
ence in compositions At most sitesp dissimi旭arity was 旭arge旭y driven by 
species turnover ｪvariation caused by the rep旭acement of one species 
by a different speciesｫ due to the high proportion of species identified 
by on旭y one survey methods For sites where the eDNA species rich-
ness estimate was much 旭ower than the visua旭 survey datap a greater 
proportion of variance resu旭ted from species nestedness as the eDNA 
species 旭ist represented a subset of the more diverse visua旭 surveys 
Subsets of the visua旭 survey site data were a旭so ana旭yzed against the 
eDNA data to investigate whether these better ref旭ected the eDNA 
species richness estimatess Litt旭e difference in Sørenson dissimi旭arity 
va旭ues was observed across spatia旭 sca旭esp with the tota旭 site species 
richness estimate on average showing the greatest simi旭arity to eDNA 
samp旭es ｪFigure Sゲザｫs As a resu旭tp the eDNA best ref旭ects the visua旭 
survey data at the site sca旭e ｪwithin 葦グ mｫ supporting comparisons 
being made between these methods at this sca旭es
ザsゾ科|科Impact of increased sequencing depth on 
cichlid species richness estimates
The additiona旭 sequencing run for the Cich旭idｧCR marker detected a 
tota旭 of 葦ゲ cich旭id species across the eight re､sequenced sites ｪTab旭e 
Sゲザｫs A mean cich旭id species richness estimate of ザズsグ was ca旭cu旭ated 
across a旭旭 sitesp making it comparab旭e to the mean estimate of ザズsゲ from 
the visua旭 survey datas In comparisonp estimates from the origina旭 run 
were much 旭ower with a mean of ゴズsジ with a旭旭 four primersp and ゲザsゲ 
with the Cich旭idｧCR marker on旭y ｪFigure 葦ｫs As a resu旭tp site commu-
nity compositions differed between sequencing runs with mean site 
Sørenson pairwise dissimi旭arity va旭ues between the additiona旭 run and 
the origina旭 run of グsジグ ｪturnover ┎ グsゴ芦p nestedness ┎ グsゲゴｫ for a旭旭 
primers and グsズグ ｪturnover ┎ グsグ葦p nestedness ┎ グsジジｫ for the Cich旭idｧ
CR marker on旭ys Overa旭旭p there was an average sequencing depth of 
ゲ葦ゼp葦芦ゼ reads per samp旭e and ズグザpグ葦ゲ reads per site for the additiona旭 
run postfi旭terings Species accumu旭ation p旭ots for each site demonstrate 
substantia旭 p旭ateauing at most sitesp high旭ighting improved samp旭ing 
comp旭eteness within the additiona旭 sequence data with site estimates 
c旭oser to species saturation ｪFigure Sゲズｫs
ジ科 |科DISCUSSION
This study has demonstrated the potentia旭 of eDNA metabarcod-
ing for surveying diverse and comp旭ex fish communities as we旭旭 as 
detecting c旭ose旭y re旭ated species within evo旭utionary radiationss It 
a旭so high旭ights the importance of sequencing depth and reference 
database comp旭eteness when designing eDNA metabarcoding stud-
ies for surveying diverse fish communities with recommendations 
for further improvementss Fina旭旭yp through estab旭ishing a nove旭 ref-
erence database for LTｷs fish communitiesp information on the inter-
specific genetic divergence across mu旭tip旭e markers is provided as 
a future resource that can be bui旭t upon for future metabarcoding 
work within this systems
ジsゲ科|科Genetic divergence and reso旭ution of 
assignments
Ana旭ysis of the reference database showed 旭imited interspecific ge-
netic divergence between species for the ゲゴs and ゲ葦s primer sets due 
to the 旭arge number of c旭ose旭y re旭ated species within the 旭akes Simi旭ar 
reduced interspecific genetic distances have been reported within 
the COI region for diverse neotropica旭 fish communities that a旭so in-
c旭ude genera containing mu旭tip旭e species ｪPereira et a旭sp ゴグゲザｫs Whi旭e 
F I G U R E  ジ 科 Percentage of species 
identified in each of the three fi旭ter 
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F I G U R E  ズ 科 Species richness estimates from the individua旭 surveys ｪboxp旭otsｫp tota旭 site estimates from the ten visua旭 surveys ｪb旭ue 
squaresｫ and from the eDNA samp旭es ｪred triang旭esｫs The topp midd旭ep and bottom rows show tota旭 species richness for a旭旭 fishp cich旭id species 
and noncich旭id speciesp respective旭y
科架 科 | 科ザズDOBLE ET AL.
interspecific divergence va旭ues for these barcodes often fe旭旭 be旭ow 
the traditiona旭 ゴ鯵 cutoff for species de旭imitationp the abi旭ity to cor-
rect旭y distinguish between species with variation be旭ow this thresh-
o旭d has been demonstrated ｪBreman et a旭sp ゴグゲ葦q Pereira et a旭sp ゴグゲザｫs
A number of species were found to have identica旭 barcodes 
across some of the markers usedp and these were u旭timate旭y 
grouped into species comp旭exess The taxa inc旭uded in species com-
p旭exes were not consistent across primersp resu旭ting in a旭旭 species 
containing a unique sequence within at 旭east one marker apart 
from Benthochromis tricoti/Benthochromis sp. horii mahale and 
Cyprichromis coloratus/Cyprichromis sps wjumbox comp旭exes that 
both 旭ike旭y represent geographica旭 variantsp rather than distinct 
species ｪRonco et a旭sp ゴグゲゾｫs This is 旭arge旭y due to the increased in-
terspecific variation observed within the Cich旭idｧCR barcode where 
genetic distances were three to four times higher for the cich旭id 
fishes compared to the other three markerss The increased substi-
tution rate within this region can improve the taxonomic reso旭ution 
of barcodesp with the contro旭 region previous旭y shown to be a more 
robust marker for species､旭eve旭 identifications across a number of 
fish genera compared to COI ｪCawthornp Duncanp Kasternp Francisp 
ｹ Hoffmanp ゴグゲズq Pedrosa､Gerasmiop Babaranp ｹ Santosp ゴグゲゴq 
Shum et a旭sp ゴグゲゼｫs Substantia旭 intraspecific variabi旭ity is a旭so 旭ike旭y 
to exist within this high旭y variab旭e regionp with popu旭ation structur-
ing identified for a number of cich旭id species ｪSefcp Baricp Sa旭zburgerp 
ｹ Sturmbauerp ゴググゼq Wagner ｹ McCunep ゴググゾｫp and recent旭y a 
catfish species ｪPeartp Dasmahapatrap ｹ Dayp ゴグゲ芦ｫ inhabiting the 
旭akeｷs rocky 旭ittora旭 habitats A旭though the strict conditions for the 
inc旭usion of specimens within our reference database 旭imits error 
due to misidentificationsp it has restricted the number of sequences 
per species to one for this studys Inc旭uding mu旭tip旭e sequences per 
species wi旭旭 enab旭e the assessment of intraspecific variabi旭ity within 
this barcode and the quantification of any barcoding gaps
The improved interspecific variabi旭ity within the Cich旭idｧCR 
marker 旭ed to an increased proportion of LT eDNA MOTUs and 
TA B L E  ゴ 科 Comparisons of site species richness estimates from the eDNA and visua旭 surveys
Site Total SR Shared species eDNA unique Visua旭 unique Beta Sor. Beta Sim. Beta Sne.
Sゲｧゲ葦 ザゼ ゼ 9 21 グs葦芦 グsズ葦 0.12
Sゴｧゲ葦 35 2 1 32 グs芦ゾ 0.33 グsズ葦
Sザｧゲ葦 34 1 2 31 0.94 グs葦ゼ グsゴ芦
Sジｧゲ葦 ジ芦 葦 11 31 グsゼ芦 グs葦ズ 0.13
Sズｧゲ葦 43 9 10 24 グs葦ズ 0.53 0.13
S葦ｧゲ葦 44 11 10 23 グs葦 グsジ芦 0.12
Sゼｧゲ葦 30 1 3 ゴ葦 0.94 グsゼズ 0.19
S芦ｧゲ葦 40 11 10 19 グsズゼ グsジ芦 0.09
Sゾｧゲ葦 32 ゼ 芦 ゲゼ グs葦ジ 0.53 0.11
Sゲグｧゲ葦 40 ゼ 10 23 グsゼ 0.59 0.11
Sゲゲｧゲ葦 40 11 9 20 グsズゼ 0.45 0.12
Sゲゴｧゲ葦 ザゼ 14 4 19 0.45 0.22 0.23
Sゲザｧゲ葦 ジゼ 14 15 ゲ芦 0.54 0.52 0.02
Sゲジｧゲ葦 ジ葦 15 10 21 0.51 0.4 0.11
Sゲズｧゲ葦 ジゼ ゲ葦 12 19 0.49 0.43 グsグ葦
Sゴｧゲゼ 43 葦 5 32 グsゼ葦 0.45 0.3
Sザｧゲゼ 49 12 12 25 グs葦ゲ 0.5 0.11
Sジｧゲゼ 葦ジ ゴ葦 22 ゲ葦 0.42 グsザ芦 0.04
Sゲグｧゲゼ 52 14 24 14 グsズ芦 0.5 グsグ芦
Sゲゲｧゲゼ 51 13 14 24 0.59 0.52 グsグ芦
Sゲゴｧゲゼ ジ葦 12 5 29 0.59 0.29 0.29
Sゲ葦ｧゲゼ 葦ゴ 19 19 24 0.53 0.5 0.03
Sゲゼｧゲゼ 葦ゴ 24 19 19 0.44 0.44 0
Sゲ芦ｧゲゼ 44 葦 3 35 グsゼ葦 0.33 0.43
Sゲゾｧゲゼ ジ葦 11 4 31 グs葦ゲ グsゴゼ 0.35
Sゴグｧゲゼ ズゼ ゲ芦 ゲ葦 23 0.52 グsジゼ 0.05
Sゴゲｧゲゼ ズ芦 13 22 23 グs葦ザ グs葦ザ 0.01
Note: BetasSor is the Sørenson dissimi旭arity between estimatesp Beta Sims is the Simpson pairwise dissimi旭arity measuring species turnoverp and 
beta Snes is the dissimi旭arity accounting for species nestednesss Tota旭 SR is the combined species richness estimate from both survey methodss Site 
descriptions state the site number fo旭旭owed by the survey year ｪゲ葦 ┎ ゴグゲ葦q ゲゼ ┎ ゴグゲゼｫs
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reads identified to species 旭eve旭 compared to the other three 
markers that showed a 旭imited taxonomic reso旭ution with over 
ズグ鯵 of reads assigned to genus 旭eve旭 or aboves Due to the 旭arge 
number of genera containing mu旭tip旭e species within LTp spe-
cies､旭eve旭 identifications are 旭arge旭y required to be eco旭ogica旭旭y 
informatives As a resu旭tp reads assigned to higher taxonomic 旭ev-
e旭s represent 旭ost informationp 旭imiting the number of detections 
from these primer setss
ジsゴ科|科Species､旭eve旭 identifications
Neverthe旭essp the eDNA samp旭es resu旭ted in a greater number of 
species identifications compared to the visua旭 surveysp with ゾグ spe-
cies identified in tota旭 ｪexc旭uding fa旭se positivesｫs There is a strong 
depth gradient in the community structure of LTｷs 旭ittora旭 fish com-
munities and as a resu旭t significant changes in species composition 
can occur over sma旭旭 spatia旭 sca旭es ｪTakeuchi et a旭sp ゴグゲグｫs A number 
of the cich旭id species identified on旭y in the eDNA dataset are more 
common旭y found in either the wave､washed habitat at sha旭旭ower 
depths than those surveyedp such as Pseudosimochromis curvifronsp 
Tanganicodus irsacaep and Spathodus erythrodonp as we旭旭 as from 
deepwater habitats at depths be旭ow the visua旭 surveysp inc旭uding 
Benthochromis horiip Xenotilapia caudafasciatap and two Trematocara 
species ｪKoningsp ゴグゲズｫs Furthermorep 旭ongitudina旭 variation in cich旭id 
community composition is heavi旭y inf旭uenced by substrate type ｪesgsp 
rockyp sandyp muddyｫ ｪWidmer et a旭sp ゴグゲゾｫs Whi旭e a旭旭 eDNA samp旭es 
were co旭旭ected in rocky habitatsp some additiona旭 species more com-
mon旭y found within sandy habitats inc旭uding Cardiopharynx schout-
edenip Lestradea stappersiip and a number of Xenotilapia species were 
detecteds The 旭akeｷs two freshwater herring speciesp L. miodon and 
Stolothrissa tanganyicaep which are pe旭agic were a旭so identified within 
the samp旭ess
These examp旭es suggest the spatia旭 sca旭es of detection within 
the eDNA samp旭es may extend beyond the 旭oca旭 旭ittora旭 habitat 
surveyeds eDNA studies in simi旭ar coasta旭 marine and 旭entic fresh-
water systems have shown fine sca旭ed detection for fish communi-
tiesp with 旭onger barcodes such as the Cich旭idｧCR primer potentia旭旭y 
reducing the spatia旭 sca旭es of detection further ｪAndruszkiewiczp 
Starksp et a旭sp ゴグゲゼq H士nf旭ing et a旭sp ゴグゲ葦q Port et a旭sp ゴグゲ葦ｫs This 
is 旭ike旭y to vary across ecosystemsp howeverp with processes in-
c旭uding 旭ake mixing and stratification theoretica旭旭y inf旭uencing the 
sca旭es of detection ｪDeiner et a旭s ゴグゲゼｫs For examp旭ep seasona旭 
upwe旭旭ing common in LT cou旭d resu旭t in the transportation of 
deepwater eDNA into the 旭ittora旭 habitats Annua旭 surface water 
temperatures between ゴズsゾﾀC and ゴゼsゼﾀC have been recorded 
within the surveyed region ｪKimirei ｹ Mgayap ゴググゼｫs Warm tem-
peratures such as this reduce eDNA persistence within the water 
co旭umn ｪAndruszkiewiczp Sassoubrep et a旭sp ゴグゲゼｫp with Eichmi旭旭er 
et a旭s ｪゴグゲ葦ｫ detecting exponentia旭 DNA degradation rates in 旭ake 
water at ゴズﾀC with a ha旭f､旭ife of on旭y 葦sゾ hr ｪCo旭旭ins et a旭sp ゴグゲ芦ｫs 
Whi旭e high degradation rates wou旭d suggest finer spatio､tempora旭 
sca旭es of detectionp the unique nature of LTｷs ecosystem and its 
fish communities means both degradation rates and sca旭es of de-
tection need to be investigated in future studiess The 旭atter cou旭d 
be achieved through samp旭ing across depths and habitat boundar-
ies with marked shifts in fish community compositions
Of the ゲゾ detected species considered to be 旭ike旭y fa旭se positivesp 
ゲゼ were identified by individua旭 primersp of which ゲグ occurred at on旭y 
one site and six at two or three sitess Neolamprologus caudopuncta-
tus and Xenotilapia sps wpapi旭io sunf旭owerx assignments were made 
F I G U R E  葦 科 Cich旭id site species richness 
estimates obtained from the origina旭 
sequencing runp additiona旭 sequencing 
runp and visua旭 survey datas On旭y species 
richness estimates for the eight re､
sequenced sites are inc旭udeds wA旭旭 Primers 
Origina旭x represents species richness 
estimates derived from the four primers 
sequencedp whi旭e wCich旭idｧCR Origina旭x 
shows estimates obtained from the 
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by two markers with occurrences at ゲゲ and 芦 sitesp respective旭yp 
therefore not adhering to the 旭ower confidence 旭eve旭s expected from 
fa旭se､positive assignmentss Due to the 旭arge number of c旭ose旭y re-
旭ated species with 旭ow interspecific genetic distancesp particu旭ar旭y 
within the ゲゴs and ゲ葦s markersp the potentia旭 for mis､assignments 
is increaseds This is high旭ighted by the 旭ow nearest neighbor genetic 
divergences for each mis､assigned species within their identifying 
markerss For examp旭ep Cyphotilapia gibberosa 旭ike旭y represents a mis､
assignment by MiFish to Cyphotilapia frontosap a species common 
a旭ong the surveyed coast旭ines Simi旭ar旭yp Xenochromis hecqui identified 
by ゲ葦sｧTe旭eo has on旭y a ゲsジ鯵 genetic divergence within this marker 
from H. microlepis as we旭旭 as being c旭ose旭y re旭ated to Perissodus mi-
crolepisp both of which were frequent旭y observed within the visua旭 
surveyss In these casesp it is possib旭e the 旭imited interspecific genetic 
distances for some markers increase the 旭ike旭ihood of erroneous 
assignments resu旭ting in fa旭se､positive identificationss Erroneous 
assignments to c旭ose re旭atives were a旭so identified by Ci旭旭eros et 
a旭s ｪゴグゲゾｫ within tropica旭 South American streamss These findings 
demonstrate the potentia旭 for assignment errors within comp旭ex 
tropica旭 communities containing c旭ose旭y re旭ated taxa often with 旭im-
ited sequence avai旭abi旭ity in reference databasess
The eDNA samp旭es showed higher detection of noncich旭id spe-
cies at sites compared to the visua旭 surveysp with the use of fi旭ter 
rep旭icates in ゴグゲゼ resu旭ting in an increase in the number of species 
detecteds The improved detections of species within the catfish and 
mastacembe旭id spiny ee旭 radiations demonstrated the effectiveness 
of eDNA metabarcoding for distinguishing between c旭ose旭y re旭ated 
species within these groupss Whi旭e an increased number of detec-
tions were made by a旭旭 three primer setsp a number of species were 
sti旭旭 identified by one or two markers with Synodontis species on旭y 
assigned to MOTUs by ゲ葦sｧTe旭eos Bui旭ding on the findings of ear旭ier 
eDNA metabarcoding studies surveying fish communities ｪEvans et 
a旭sp ゴグゲゼq Stat et a旭sp ゴグゲゼｫp the use of mu旭tip旭e primer sets enab旭es 
the improved detection of both cich旭id and noncich旭id speciess
Many of the noncich旭id species on旭y detected in the eDNA sam-
p旭es are 旭ike旭y to be underrepresented within the visua旭 surveys due 
to their behaviora旭 habitss For examp旭ep the c旭aroteine catfishes 
ｪesgsp Chrysichthys sianennap Lophiobragrus cyclurusp and Bathybagrus 
tetranemaｫ are 旭arge旭y nocturna旭 ｪPeart et a旭sp ゴグゲジｫ and many 
Mastacembelus species 旭ive in the substrate or within the comp旭ex 
rocky environment ｪBrown et a旭sp ゴグゲゲｫs In comparisonp the terri-
toria旭 nature of many cich旭id fishes means they are 旭ess shy toward 
SCUBA diversp a behavior that has been shown to positive旭y bias 
the detection of fish species within visua旭 survey data ｪBozec et a旭sp 
ゴグゲゲｫs These behaviors are therefore 旭ike旭y to resu旭t in the positive 
bias of cich旭ids and underrepresentation of many noncich旭ids within 
visua旭 surveyss Many of the species present on旭y in the eDNA data-
set are a旭so wider ranging with 旭ower 旭oca旭 abundances than the 
majority of cich旭id species in the 旭ittora旭 habitat and are therefore 
much 旭ess 旭ike旭y to be consistent旭y recorded by the stationary visua旭 
surveyss Simi旭ar旭y species that common旭y exist in schoo旭sp such as 
Lamprichthys tanganicanusp are 旭ike旭y to have biased detection rates 
from visua旭 surveys ｪPais ｹ Cabra旭p ゴグゲ芦ｫp exp旭aining why this species 
was more common旭y detected within the eDNA datas As the eDNA 
survey method is 旭ess inf旭uenced by species behaviorp its combined 
use a旭ongside visua旭 surveys ho旭ds the potentia旭 to he旭p overcome 
some of these survey biases particu旭ar旭y for the often more geneti-
ca旭旭y distinct noncich旭id te旭eost speciess This cou旭d therefore repre-
sent an immediate benefit of incorporating an eDNA metabarcoding 
approach within survey methodo旭ogies of LTｷs fish communitiess
ジsザ科|科Fi旭ter rep旭icate simi旭arity
Limited simi旭arity between fi旭ter rep旭icates at each site in ゴグゲゼ was 
observedp as has been previous旭y reported ｪAndruszkiewiczp Starksp 
et a旭sp ゴグゲゼｫs Sites with a more diverse species richness estimate 
had an increased percentage of species identified in three fi旭ter 
rep旭icates and a 旭ower percentage of species detected in one fi旭ter 
rep旭icates Simi旭arity between rep旭icates is therefore greater at sites 
with a higher species richnesss The 旭imited simi旭arity at 旭ow diversity 
sites 旭ike旭y resu旭ts from inconsistencies surrounding the preserva-
tionp amp旭ificationp or sequencing of one or more fi旭ter rep旭icates at 
these sitesp 旭eading to variab旭e species detectionss The optimization 
of methods wou旭d 旭ike旭y 旭ead to an improved simi旭arity between rep-
旭icates as observed at sites that detected a greater number of species 
ｪesgsp sites ゲゼ and ゴゲｫs For examp旭ep whi旭e the storage of ce旭旭u旭ose 
nitrate fi旭ter papers in ethano旭 at ┋ゴグﾀC has been shown to be effec-
tive for eDNA preservation ｪHin旭op G旭eesonp Lintermansp ｹ Fur旭anp 
ゴグゲゼｫp recent research has demonstrated the use of 旭ysis buffer or 
drying in si旭ica ge旭 can give more consistent community composi-
tion estimates from 旭ake eDNA samp旭es ｪMajaneva et a旭sp ゴグゲ芦ｫ and 
therefore 旭ike旭y more consistent fi旭ter rep旭icatess
ジsジ科|科Species richness estimates
Whi旭e detecting more species overa旭旭p the eDNA samp旭es consist-
ent旭y produced 旭ower site species richness estimates compared to 
the visua旭 surveyss Simi旭ar旭yp the community composition of spe-
cies richness estimates from the eDNA and visua旭 survey methods 
was a旭so found to 旭arge旭y differs Dissimi旭ar fish assemb旭age patterns 
were a旭so detected between eDNA metabarcoding and traditiona旭 
survey approaches across diverse tropica旭 streams in French Guiana 
ｪCi旭旭eros et a旭sp ゴグゲゾｫs Much higher simi旭arities between eDNA and 
traditiona旭 methods at sites have been reported within temperate 
ecosystems ｪPont et a旭sp ゴグゲ芦ｫp 旭arge旭y due to the high detection sen-
sitivity of eDNA metabarcoding methods within these ecosystems 
ｪEvans et a旭sp ゴグゲゼq H士nf旭ing et a旭sp ゴグゲ葦q Va旭entini et a旭sp ゴグゲ葦ｫs In LTp 
this difference resu旭ts from consistent旭y observed cich旭id species ei-
ther not being detected or being underrepresented within the eDNA 
datasetp with a 旭ower number of detections per species overa旭旭 com-
pared to the visua旭 surveyss
Whi旭e 旭imitations in eDNA detections cou旭d be caused by PCR 
bias or the taxonomic reso旭ution of individua旭 markersp in this in-
stance it is 旭ike旭y derived from under samp旭ing due to the sequencing 
depth used as we旭旭 as 旭imitations in the reference databasep particu-
旭ar旭y for the Cich旭idｧCR markers Despite the samp旭e sequencing depth 
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being comparab旭e to that used in other eDNA metabarcoding studies 
ｪLi et a旭sp ゴグゲゾq Yamamoto et a旭sp ゴグゲゼｫp the exceptiona旭 diversity of 
LTｷs 旭ittora旭 habitat compared to these systems means a 旭arger se-
quencing depth is 旭ike旭y required to get c旭oser to saturation of species 
detection ｪFigure Sゲグｫs This is high旭ighted by the improved species 
richness estimates obtained for sites from the additiona旭 sequenc-
ing run that great旭y exceed estimates from the origina旭 sequence 
data ｪFigure Sゲズｫs This higher sequencing depth combined with the 
greater reso旭ution of detections with the CichidｧCR marker com-
pared to the other three primersp resu旭ted in improved cich旭id species 
detections comparab旭e to those obtained from the visua旭 survey data 
ｪFigure 葦ｫs Two eDNA metabarcoding studies recent旭y pub旭ished fo-
cusing on Guianese tropica旭 streams had sequencing depths of over 
ジググpグググ reads per samp旭e prefi旭tering ｪCantera et a旭sp ゴグゲゾq Ci旭旭eros 
et a旭sp ゴグゲゾｫs As the diversity of LT is twice that identified in Guianese 
streamsp high sequencing depths such as that used in the additiona旭 
run and these two studies are required to obtain sufficient samp旭ing 
comp旭eteness and accurate species richness estimatess
Species richness estimates derived from the Cich旭idｧCR marker 
in the origina旭 run represent subsets of those from the additiona旭 run 
with Sørenson dissimi旭arity va旭ues dominated by species nestednesss 
Turnover represented a 旭arger proportion of the dissimi旭arity when site 
species richness estimates from the additiona旭 run were compared with 
those from the origina旭 sequence data with a旭旭 four primer setss This 
is because species detected by some of the other three markers sti旭旭 
remained undetected by the Cich旭idｧCR marker despite the improved 
sequencing depth used due to current reference database 旭imitationss 
For examp旭ep common Altolamprologus compressicepsp Neolamprologus 
brichardip and Neolamprologus mondabu species remained undetecteds 
Further expansions of the contro旭 region reference database cou旭d 
he旭p overcome thisp improving species richness estimates derived 
from this data further through improving the detections of species 
current旭y missing or underrepresented within the eDNA datas
Whi旭e pub旭ic旭y avai旭ab旭e contro旭 region sequences cou旭d poten-
tia旭旭y enab旭e thisp the observed discrepancies in taxonomic assign-
ments between the NCBI and 旭oca旭 reference databases high旭ight 
the cha旭旭enges of using pub旭ic databasess These contain verified and 
unverified sequences that can 旭ead to the presence of ambiguous 
assignments ｪShum et a旭sp ゴグゲゼｫs Simi旭ar旭yp due to a number of re-
cent taxonomic changes to LTｷs fishes within recent yearsp the NCBI 
taxonomy is not up to date for many sequences ｪRonco et a旭sp ゴグゲゾｫs 
These issues can be overcome by providing a comprehensive dataset 
of verified NCBI sequences with re旭iab旭e references as demonstrated 
by Shum et a旭s ｪゴグゲズｫs The inc旭usion of verified NCBI sequences and 
obtaining further sequences from samp旭e co旭旭ections wi旭旭 he旭p to re-
duce the number of unassigned MOTUsp 旭ike旭y improving the res-
o旭ution and number of detections from the eDNA samp旭ess There 
is a旭so the potentia旭 to investigate the biodiversity of sites using a 
taxonomy､free approach more focused on the diversity of MOTUss 
This cou旭d be cha旭旭engingp howeverp due to the 旭ike旭y intraspecific 
variabi旭ity within the markers for cich旭id species ｪparticu旭ar旭y Cich旭idｧ
CRｫs There wou旭d be the risk of over sp旭itting species with substan-
tia旭 popu旭ation structuring if it was assumed MOTUs ref旭ected true 
speciesp or indeed under sp旭itting for some markers with insufficient 
taxonomic reso旭utions
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To better understand the potentia旭 for eDNA metabarcoding ap-
proaches to survey freshwater fish communities g旭oba旭旭yp there is a 
need to app旭y these methods across a broad range of ecosystems and 
communitiess This study provides a first app旭ication of these meth-
ods within one of the wor旭dｷs most diverse freshwater ecosystemss 
Our findings demonstrate the potentia旭 and 旭imitations of eDNA 
metabarcoding for identifying taxa to species 旭eve旭p and thereby 
contributing to diversity estimates for fish communitiess Wide varia-
tion in the reso旭ution of markers high旭ights the importance of primer 
se旭ectionp with the use of a fami旭y､specific cich旭id contro旭 region 
marker improving the taxonomic reso旭ution of identifications within 
this species､rich groups Using mu旭tip旭e markers a旭so improved spe-
cies detections across the cich旭id and noncich旭id fishess A number of 
fa旭se positives were identified in this studyp 旭ike旭y ref旭ecting current 
旭imitations in the reso旭ution of the ゲゴs and ゲ葦s markers as we旭旭 as the 
reference databasep particu旭ar旭y for the contro旭 regions
Increasing the sequencing depth substantia旭旭y improved site 
species richness estimates from the eDNA samp旭esp resu旭ting in 
estimates much more comparab旭e to that obtained from the visua旭 
survey datas Whi旭e inconsistencies in the detections of some cich旭id 
species remainp further reference database expansionsp particu旭ar旭y 
for the Cich旭idｧCR markerp wou旭d 旭ike旭y further improve species 
richness estimates from the eDNA samp旭ess These advancements 
combined with the improved detection of noncich旭id species high-
旭ight the benefits of inc旭uding eDNA metabarcoding methods 
within survey designs for LTｷs fishes a旭ongside traditiona旭 methodss 
This study has high旭ighted the potentia旭 for eDNA metabarcoding 
to survey even high旭y diverse tropica旭 communities and c旭ose旭y re-
旭ated taxa within evo旭utionary radiationsp demonstrating the contri-
butions this method cou旭d make toward surveying freshwater fish 
communities within tropica旭 systems in the futures
ACKNOWLEDG MENTS
This project was conducted with the permission of the Tanzania 
Commission for Science and Techno旭ogy ｪCOSTECHｫ under permit 
ゴグゲ葦､ザゴゴ､NA､ゴグゲジ､ゴ葦ゼs This work was supported by the Natura旭 
Environment Research Counci旭 ｪaward NE｠Lググゴジ芦ズ｠ゲｫq Genetics 
Society Heredity Fie旭dwork Grant ｪCJDｫq Systematics Research Fund 
ｪCJDｫq Fisheries Society of the British Is旭e Sma旭旭 Research Grant ｪCJDｫq 
Percy S旭aden Memoria旭 Trust Fund ｪJJDｫq the NERC Bimo旭ecu旭ar 
Ana旭ysis Faci旭ity Sheffie旭d ｪCJD and JJDｫq European Research Counci旭 
ｪERCq CoG CICHLID ｶ Xｫ ｪWSｫq and the Swiss Nationa旭 Science 
Foundation ｪWSｫs We thank Me旭anie Stiassny ｪAMNHｫ and Roger Bi旭旭s 
ｪSAIABｫ for providing additiona旭 fish samp旭es for the estab旭ishment 
of the reference databaseq George Kazumbe for fie旭d assistancep 
and Deborah Dawson for her substantia旭 input with the design and 
科架 科 | 科ザゾDOBLE ET AL.
management of 旭aboratory work at the NERC Biomo旭ecu旭ar Ana旭ysis 
Faci旭ity Sheffie旭ds We thank Adrian Indermaur for the taxonomic 
identification of reference database cich旭id species as we旭旭 as Fabrizia 
Ronco and Michae旭 Matschiner for the preparation of the cich旭id 
reference database sequences ｪa旭旭 University of Base旭ｫs We are a旭so 
gratefu旭 to the ZSL Aquariump particu旭ar旭y Samantha Gui旭旭aumep for 
faci旭itating co旭旭ection of eDNA samp旭es from their LT tanks Fina旭旭yp we 
thank the reviewers and associate editor Dr Kristy Deiner for their 
va旭uab旭e comments that great旭y improved the manuscripts
CONFLIC T OF INTERE ST
None dec旭areds
AUTHOR CONTRIBUTIONS
CJDp JJDp and DJM designed the studys CJDp JJDp and CM p旭anned 
and organized the fie旭dworkp CJD co旭旭ected the datap CJDp HHp and 
GH designed the 旭aboratory workp CJD and GH undertook the 旭ab-
oratory workp CJD undertook the bioinformatic ana旭ysis based on 
pipe旭ines deve旭oped by HHsp CJDp JJDp and WS co旭旭ected and deve旭-
oped the reference database sequencess A旭旭 authors contributed to 
the ana旭ysis and writing of the manuscripts
ORCID
Christopher J. Doble  httpsr｠｠orcidsorg｠ググググ､グググゴ､ゲザズ芦､ゾズゼゼ 
Walter Salzburger  httpsr｠｠orcidsorg｠ググググ､グググゴ､ゾゾ芦芦､ゲ葦ゼジ 
David J. Murrell  httpsr｠｠orcidsorg｠ググググ､グググゴ､ジ芦ザグ､芦ゾ葦葦  
Julia J. Day  httpsr｠｠orcidsorg｠ググググ､グググゴ､葦ゼ葦ズ､ゼゼ芦ゴ 
DATA AVAIL ABILIT Y STATEMENT
The visua旭 survey community matrices ｪhttps r｠｠dois
org｠ゲグsズズゴゴ｠グジ｠ゾ芦ゼゾ葦ゲジｫp reference database sequence fi旭es 
ｪhttps r｠｠doisorg｠ゲグsズズゴゴ｠グジ｠ゾ芦葦ゲジ葦ゲｫ and I旭旭umina raw se-
quence data from the three I旭旭umina MiSeq runs ｪhttps r｠｠dois
org｠ゲグsズズゴゴ｠グジ｠ゾ芦ゼジジズゲｫ are pub旭ic旭y avai旭ab旭e via the UCL re-
search data depositorys Noncich旭id reference database ゲゴs and ゲ葦s 
sequences produced for this study have been up旭oaded to NCBI ｪac-
cession numbersr MNゴズズズズ葦･MNゴズズゼゴゼｫs Cich旭id genomes wi旭旭 be 
up旭oaded to NCBI by WSs
R E FE R E N CE S
Andrewsp Ss ｪゴグゲグｫs FastQC: A quality control tool for high throughput se-
quence datas Retrieved from https r｠｠wwwsbioin forma ticssbabra hams
acsuk｠proje cts｠fastq c｠
Andruszkiewiczp Es Asp Sassoubrep Ls Msp ｹ Boehmp As Bs ｪゴグゲゼｫs 
Persistence of marine fish environmenta旭 DNA and the inf旭uence of 
sun旭ights PLoS ONEp 12ｪゾｫp ゲ芦ゲゾ･ゲ芦ゴゼs https r｠｠doisorg｠ゲグsゲザゼゲ｠journ 
a旭sponesグゲ芦ズグジザ
Andruszkiewiczp Es Asp Starksp Hs Asp Chavezp Fs Psp Sassoubrep Ls Msp 
B旭ockp Bs Asp ｹ Boehmp As Bs ｪゴグゲゼｫs Biomonitoring of marine verte-
brates in Monterey Bay using eDNA metabarcodings Plos ONEp 12ｪジｫp 
eグゲゼ葦ザジザs https r｠｠doisorg｠ゲグsゲザゼゲ｠journ a旭sponesグゲゼ葦ザジザ
Base旭gap Asp ｹ Ormep Cs Ds Ls ｪゴグゲゴｫs Betapartr An R package for the study 
of beta diversitys Methods in Ecology and Evolutionp 3ｪズｫp 芦グ芦･芦ゲゴs 
https r｠｠doisorg｠ゲグsゲゲゲゲ｠jsゴグジゲ､ゴゲグXsゴグゲゴsググゴゴジsx
Bohnsackp Js Asp ｹ Bannerotp Ss Ps ｪゲゾ芦葦ｫs A stationary visua旭 census tech-
nique for quantitative旭y assessing community structure of cora旭 reef 
fishess In NOAA technical report NMFS ｪVo旭s 41ｫs
Bo旭gerp As Msp Lohsep Msp ｹ Usade旭p Bs ｪゴグゲジｫs Trimmomaticr A f旭exib旭e 
trimmer for I旭旭umina sequence datas Bioinformaticsp 30ｪゲズｫp ゴゲゲジ･
ゴゲゴグs https r｠｠doisorg｠ゲグsゲグゾザ｠bioin forma tics｠btuゲゼグ
Bozecp Ys､Msp Ku旭bickip Msp Lahoep Fsp Mou､Thamp Gsp ｹ Gascue旭p Ds ｪゴグゲゲｫs 
Factors affecting the detection distances of reef fishr Imp旭ications for 
visua旭 countss Marine Biologyp 158p ゾ葦ゾ･ゾ芦ゲs https r｠｠doisorg｠ゲグsゲググゼ｠
sググゴゴゼ､グゲゲ､ゲ葦ゴザ､ゾ
Bremanp Fs Csp Loixp Ssp Jordaensp Ksp Snoeksp Jsp ｹ Van Steenbergep Ms 
ｪゴグゲ葦ｫs Testing the potentia旭 of DNA barcoding in vertebrate radia-
tionsr The case of the 旭ittora旭 cich旭ids ｪPiscesp Perciformesp Cich旭idaeｫ 
from Lake Tanganyikas Molecular Ecology Resourcesp 16ｪ葦ｫp ゲジズズ･
ゲジ葦ジs https r｠｠doisorg｠ゲグsゲゲゲゲ｠ゲゼズズ､グゾゾ芦sゲゴズゴザ 
Brichardp Ps ｪゲゾ芦ゾｫs Cichlids and all the other fishes of Lake Tanganyika. 
Neptune Cityp NJr TsFsH Pub旭icationss
Brittonp As Wsp Dayp Js Jsp Dob旭ep Cs Jsp Ngatungap Bs Psp Kempp Ks Msp 
Carbonep Csp ｹ Murre旭旭p Ds Js ｪゴグゲゼｫs Terrestria旭､focused protected 
areas are effective for conservation of freshwater fish diversity in 
Lake Tanganyikas Biological Conservationp 212p ゲゴグ･ゲゴゾs https r｠｠dois
org｠ゲグsゲグゲ葦｠jsbioconsゴグゲゼsグ葦sググゲ
Brownp Ks Jsp Britzp Rsp Bi旭旭sp Rsp R訟berp Lsp ｹ Dayp Js Js ｪゴグゲゲｫs Pectora旭 
fin 旭oss in the Mastacembe旭idaer A new species from Lake 
Tanganyikas Journal of Zoologyp 284ｪジｫp ゴ芦葦･ゴゾザs https r｠｠dois
org｠ゲグsゲゲゲゲ｠jsゲジ葦ゾ､ゼゾゾ芦sゴグゲゲsググ芦グジsx
Brownp Ks Jsp R訟berp Lsp Bi旭旭sp Rsp ｹ Dayp Js Js ｪゴグゲグｫs Mastacembe旭id 
ee旭s support Lake Tanganyika as an evo旭utionary hotspot of di-
versifications BMC Evolutionary Biologyp 10p ゲ芦芦s https r｠｠dois
org｠ゲグsゲゲ芦葦｠ゲジゼゲ､ゴゲジ芦､ゲグ､ゲ芦芦
Buck旭andp Ss Tsp Studenyp As Csp Magurranp As Esp ｹ Newsonp Ss Es ｪゴグゲゲｫs 
Biodiversity monitoringr The re旭evance of detectabi旭itys In As Es 
Magurranp ｹ Bs Js McGi旭旭 ｪEdssｫp Biological Diversity: Frontiers in measure-
ment and assessment ｪpps ゴズ･ザ芦ｫs Oxfordp UKr Oxford University Presss
Burkheadp Ns Ms ｪゴグゲゴｫs Extinction rates in North American fresh-
water fishesp ゲゾググ･ゴグゲグs BioSciencep 62ｪゾｫp ゼゾ芦･芦グ芦s https r｠｠dois
org｠ゲグsゲズゴズ｠biosゴグゲゴs葦ゴsゾsズ
By旭emansp Jsp G旭eesonp Ds Msp Hardyp Cs Msp ｹ Fur旭anp Es ｪゴグゲ芦ｫs Toward 
an ecoregion sca旭e eva旭uation of eDNA metabarcoding primersr A 
case study for the freshwater fish biodiversity of the Murray､Dar旭ing 
Basin ｪAustra旭iaｫs Ecology and Evolutionp 8ｪゲゼｫp 芦葦ゾゼ･芦ゼゲゴs https r｠｠
doisorg｠ゲグsゲググゴ｠eceザsジザ芦ゼ
Canterap Isp Ci旭旭erosp Ksp Va旭entinip Asp Cerdanp Asp Dejeanp Tsp Iribarp Asp t 
Brossep Ss ｪゴグゲゾｫs Optimizing environmenta旭 DNA samp旭ing effort for 
fish inventories in tropica旭 streams and riverss Scientific Reportsp 9ｪゲｫp 
ゲ･ゲゲs https r｠｠doisorg｠ゲグsゲグザ芦｠sジゲズゾ芦､グゲゾ､ザゾザゾゾ､ズ
Cawthornp Ds Msp Duncanp Jsp Kasternp Csp Francisp Jsp ｹ Hoffmanp Ls Cs 
ｪゴグゲズｫs Fish species substitution and misnaming in South Africar 
An economicp safety and sustainabi旭ity conundrum revisiteds 
Food Chemistryp 185p ゲ葦ズ･ゲ芦ゲs https r｠｠doisorg｠ゲグsゲグゲ葦｠jsfoodc 
hem.2015.03.113
Ci旭旭erosp Ksp Va旭entinip Asp A旭旭ardp Lsp Dejeanp Tsp Etiennep Rsp Grenoui旭旭etp Gsp 
t Brossep Ss ｪゴグゲゾｫs Un旭ocking biodiversity and conservation studies 
in high､diversity environments using environmenta旭 DNA ｪeDNAｫr A 
test with Guianese freshwater fishess Molecular Ecology Resourcesp 
19p ゴゼ･ジ葦s https r｠｠doisorg｠ゲグsゲゲゲゲ｠ゲゼズズ､グゾゾ芦sゲゴゾググ 
Co旭旭enp Bsp Whittonp Fsp Dyerp Es Esp Bai旭旭iep Js Es Msp Cumber旭idgep Nsp Darwa旭旭p 
Ws Rs Tsp t B塾hmp Ms ｪゴグゲジｫs G旭oba旭 patterns of freshwater species 
ジグ科 |科 科架 DOBLE ET AL.
diversityp threat and endemisms Global Ecology and Biogeographyp 
23ｪゲｫp ジグ･ズゲs https r｠｠doisorg｠ゲグsゲゲゲゲ｠gebsゲゴグゾ葦 
Co旭旭insp Rs Asp Wangensteenp Os Ssp OvGormanp Es Jsp Marianip Ssp Simsp 
Ds Wsp ｹ Gennerp Ms Js ｪゴグゲ芦ｫs Persistence of environmenta旭 DNA 
in marine systemss Communications Biologyp 1p ゲ芦ズs https r｠｠dois
org｠ゲグsゲグザ芦｠sジゴググザ､グゲ芦､グゲゾゴ､葦
Dayp Js Jsp Cottonp Js Asp ｹ Barrac旭oughp Ts Gs ｪゴググ芦ｫs Tempo and mode 
of diversification of Lake Tanganyika cich旭id fishess PloS Onep 3ｪザｫp 
eゲゼザグs https r｠｠doisorg｠ゲグsゲザゼゲ｠journ a旭sponesグググゲゼザグ
Dayp Js Jsp ｹ Wi旭kinsonp Ms ｪゴググ葦ｫs On the origin of the Synodontis catfish 
species f旭ock from Lake Tanganyikas Biology Lettersp 2ｪジｫp ズジ芦･ズズゴs 
https r｠｠doisorg｠ゲグsゲグゾ芦｠rsb旭sゴググ葦sグズザゴ
Deaconp As Esp Mahabirp Rsp Inder旭a旭旭p Dsp Ramnarinep Is Wsp ｹ Magurranp As 
Es ｪゴグゲゼｫs Eva旭uating detectabi旭ity of freshwater fish assemb旭ages in 
tropica旭 streamsr Is hand､seining sufficientn Environmental Biology of 
Fishesp 100ｪゼｫp 芦ザゾ･芦ジゾs https r｠｠doisorg｠ゲグsゲググゼ｠sゲグ葦ジゲ､グゲゼ､グ葦ゲグ､ズ
Decrup Esp Moe旭antsp Tsp De Ge旭asp Ksp Vrevenp Esp Verheyenp Esp ｹ Snoeksp 
Js ｪゴグゲ葦ｫs Taxonomic cha旭旭enges in freshwater fishesr A mismatch be-
tween morpho旭ogy and DNA barcoding in fish of the north､eastern 
part of the Congo basins Molecular Ecology Resourcesp 16ｪゲｫp ザジゴ･ザズゴs 
https r｠｠doisorg｠ゲグsゲゲゲゲ｠ゲゼズズ､グゾゾ芦sゲゴジジズ 
Deinerp Ksp Bikp Hs Msp Mach旭erp Esp Seymourp Msp Lacoursi治re､Rousse旭p Asp 
A旭termattp Fsp t Bernatchezp Ls ｪゴグゲゼｫs Environmenta旭 DNA metabar-
codingr Transforming how we survey anima旭 and p旭ant communitiess 
Molecular Ecologyp 26p ズ芦ゼゴ･ズ芦ゾズs https r｠｠doisorg｠ゲグsゲゲゲゲ｠mecsゲジザズグ 
Edgarp Rs Cs ｪゴグゲグｫs Search and c旭ustering orders of magnitude faster than 
BLASTs Bioinformaticsp 26ｪゲゾｫp ゴジ葦グ･ゴジ葦ゲs https r｠｠doisorg｠ゲグsゲグゾザ｠
bioin forma tics｠btqジ葦ゲ
Eichmi旭旭erp Js Jsp Bestp Ss Esp ｹ Sorensenp Ps Ws ｪゴグゲ葦ｫs Effects of tem-
perature and trophic state on degradation of environmenta旭 DNA in 
旭ake waters Environmental Science and Technologyp 50ｪジｫp ゲ芦ズゾ･ゲ芦葦ゼs 
https r｠｠doisorg｠ゲグsゲグゴゲ｠acssestsズbグズ葦ゼゴ
E旭brechtp Vsp ｹ Leesep Fs ｪゴグゲゼｫs PrimerMinerr An R package for de-
ve旭opment and in si旭ico va旭idation of DNA metabarcoding prim-
erss Methods in Ecology and Evolutionp 8p 葦ゴゴ･葦ゴ葦s https r｠｠dois
org｠ゲグsゲゲゲゲ｠ゴグジゲ､ゴゲグXsゲゴ葦芦ゼ 
Evansp Ns Tsp Lip Ysp Renshawp Ms Asp O旭dsp Bs Psp Deinerp Ksp Turnerp Cs Rsp t 
Pfrenderp Ms Es ｪゴグゲゼｫs Fish community assessment with eDNA me-
tabarcodingr Effects of samp旭ing design and bioinformatic fi旭terings 
Canadian Journal of Fisheries and Aquatic Sciencesp 74p ゲザ葦ゴ･ゲザゼジs 
https r｠｠doisorg｠ゲグsゲゲザゾ｠cjfas､ゴグゲ葦､グザグ葦
Evansp Ns Tsp O旭dsp Bs Psp Renshawp Ms Asp Turnerp Cs Rsp Lip Ysp Jerdep Cs 
Lsp t Lodgep Ds Ms ｪゴグゲ葦ｫs Quantification of mesocosm fish and 
amphibian species diversity via environmenta旭 DNA metabar-
codings Molecular Ecology Resourcesp 16ｪゲｫp ゴゾ･ジゲs https r｠｠dois
org｠ゲグsゲゲゲゲ｠ゲゼズズ､グゾゾ芦sゲゴジザザ 
Go旭dbergp Cs Ssp Pi旭旭iodp Ds Ssp Ark旭ep Rs Ssp ｹ Waitsp Ls Ps ｪゴグゲゲｫs Mo旭ecu旭ar 
detection of vertebrates in stream waterr A demonstration using 
rocky mountain tai旭ed frogs and Idaho giant sa旭amanderss PLoS ONEp 
6ｪゼｫp https r｠｠doisorg｠ゲグsゲザゼゲ｠journ a旭sponesググゴゴゼジ葦
Gote旭旭ip Ns Jsp ｹ Co旭we旭旭p Rs Ks ｪゴグゲゲｫs Estimating species richnesss In As Es 
Magurranp ｹ Bs Js McGi旭旭 ｪEdssｫp Biological diversity: Frontiers in measure-
ment and assessment ｪpps ザゾ･ズジｫs Oxfordp UKr Oxford University Presss
Grootenp Msp ｹ A旭mondp Rs Es As ｪゴグゲ芦ｫs Living Planet report  2018: Aiming 
highers G旭andp Switzer旭andr WWFs
H士nf旭ingp Bsp Lawson Hand旭eyp Lsp Readp Ds Ssp Hahnp Csp Lip Jsp Nicho旭sp Psp 
t Winfie旭dp Is Js ｪゴグゲ葦ｫs Environmenta旭 DNA metabarcoding of 旭ake 
fish communities ref旭ects 旭ong､term data from estab旭ished survey 
methodss Molecular Ecologyp 25p ザゲグゲ･ザゲゲゾs https r｠｠doisorg｠ゲグsゲゲゲゲ｠
mecsゲザ葦葦グ 
Hin旭op Rsp G旭eesonp Dsp Lintermansp Msp ｹ Fur旭anp Es ｪゴグゲゼｫs Methods to 
maximise recovery of DNA from water samp旭ess PLoS ONEp 12ｪ葦ｫp 
ゲ･ゴゴs https r｠｠doisorg｠ゲグsゲザゼゲ｠journ a旭sponesグゲゼゾゴズゲ
Horip Msp Gashagazap Ms Msp Nshombop Msp ｹ Kawanabep Hs ｪゲゾゾザｫs Littora旭 
fish communities in Lake Tanganyikar Irrep旭aceab旭e diversity supported 
by intricate interactions among speciess Conservation Biologyp 7ｪザｫp 
葦ズゼ･葦葦葦s https r｠｠doisorg｠ゲグsゲグジ葦｠jsゲズゴザ､ゲゼザゾsゲゾゾザsグゼグザグ 葦ズゼsx
Hsiehp Ts Csp Map Ks Hsp ｹ Chaop As ｪゴグゲ葦ｫs iNEXTr An R package for 
rarefaction and extrapo旭ation of species diversity ｪHi旭旭 num-
bersｫs Methods in Ecology and Evolutionp 7p ゲジズゲ･ゲジズ葦s https r｠｠dois
org｠ゲグsゲゲゲゲ｠ゴグジゲ､ゴゲグXsゲゴ葦ゲザ 
Jacksonp Ds Asp ｹ Harveyp Hs Hs ｪゲゾゾゼｫs Qua旭itative and quantitative 
samp旭ing of 旭ake fish communitiess Canadian Journal of Fisheries and 
Aquatic Sciencesp 54p ゴ芦グゼ･ゴ芦ゲザs https r｠｠doisorg｠ゲグsゲゲザゾ｠fゾゼ､ゲ芦ゴ
Kimireip Isp ｹ Mgayap Ys ｪゴググゼｫs Inf旭uence of environmenta旭 factors on 
seasona旭 changes in c旭upeid catches in the Kigoma area of Lake 
Tanganyikas African Journal of Aquatic Sciencep 32ｪザｫp ゴゾゲ･ゴゾ芦s https 
r｠｠doisorg｠ゲグsゴゾ芦ゾ｠AJASsゴググゼsザゴsザsゾsザグ芦
Kimurap Ms ｪゲゾ芦グｫs A simp旭e method for estimating evo旭utionary rates 
of base substitutions through comparative studies of nuc旭eotide se-
quencess Journal of Molecular Evolutionp 16ｪゴｫp ゲゲゲ･ゲゴグs https r｠｠dois
org｠ゲグsゲググゼ｠BFグゲゼ ザゲズ芦ゲ 
Koningsp As ｪゴグゲズｫs Tanganyika cichlids in their natural habitat ｪザrd edsｫs E旭 
Pasop TXr Cich旭id Presss
Kubeckap Jsp Hohausov史p Esp Matenap Jsp Peterkap Jsp Amarasinghep Us Ssp 
Bonarp Ss Asp t Winfie旭dp Is Js ｪゴググゾｫs The true picture of a 旭ake or res-
ervoir fish stockr A review of needs and progresss Fisheries Researchp 
96p ゲ･ズs https r｠｠doisorg｠ゲグsゲグゲ葦｠jsfishr essゴググ芦sグゾsグゴゲ
Lacoursi治re､Rousse旭p Asp Duboisp Ysp Normandeaup Esp ｹ Bernatchezp Ls 
ｪゴグゲ葦ｫs Improving herpeto旭ogica旭 surveys in eastern North America 
using the environmenta旭 DNA methodゲs Genomep 59ｪゲゲｫp ゾゾゲ･ゲググゼs 
https r｠｠doisorg｠ゲグsゲゲザゾ｠gen､ゴグゲズ､グゴゲ芦
Lip Jsp Hatton､E旭旭isp Ts Wsp Lawson Hand旭eyp Ls Jsp Kimbe旭旭p Hs Ssp Benuccip 
Msp Peirsonp Gsp ｹ H士nf旭ingp Bs ｪゴグゲゾｫs Ground､truthing of a fish､
based environmenta旭 DNA metabarcoding method for assessing the 
qua旭ity of 旭akess Journal of Applied Ecologyp 56p ゲゴザゴ･ゲゴジジs https r｠｠
doisorg｠ゲグsゲゲゲゲ｠ゲザ葦ズ､ゴ葦葦ジsゲザザズゴ 
Lopesp Cs Msp Sassop Tsp Va旭entinip Asp Dejeanp Tsp Martinsp Msp Zamudiop 
Ks Rsp ｹ Haddadp Cs Fs Bs ｪゴグゲゼｫs eDNA metabarcodingr A prom-
ising method for anuran surveys in high旭y diverse tropica旭 for-
estss Molecular Ecology Resourcesp 17ｪズｫp ゾグジ･ゾゲジs https r｠｠dois
org｠ゲグsゲゲゲゲ｠ゲゼズズ､グゾゾ芦sゲゴ葦ジザ 
Mago飼p Tsp ｹ Sa旭zbergp Ss Ls ｪゴグゲゲｫs FLASHr Fast 旭ength adjustment of 
short reads to improve genome assemb旭iess Bioinformaticsp 27ｪゴゲｫp 
ゴゾズゼ･ゴゾ葦ザs https r｠｠doisorg｠ゲグsゲグゾザ｠bioin forma tics｠btrズグゼ
Mah爾p Fsp Rognesp Tsp Quincep Csp De Vargasp Csp ｹ Dunthornp Ms ｪゴグゲズｫs 
Swarm vゴr high旭y､sca旭ab旭e and high､reso旭ution amp旭icon c旭usterings 
PeerJp 3p eゲジゴグs https r｠｠doisorg｠ゲグsゼゼゲゼ｠peerjsゲジゴグ
Majanevap Msp Diserudp Os Hsp Eag旭ep Ss Hs Csp Bostr塾mp Esp Hajibabaeip 
Msp ｹ Ekremp Ts ｪゴグゲ芦ｫs Environmenta旭 DNA fi旭tration techniques af-
fect recovered biodiversitys Scientific Reportsp 8ｪゲｫp ゲ･ゲゲs https r｠｠dois
org｠ゲグsゲグザ芦｠sジゲズゾ芦､グゲ芦､ゴザグズゴ､芦
Meyerp Asp Morrisseyp Js Msp ｹ Schartip Ms ｪゲゾゾジｫs Recurrent ori-
gin of a sexua旭旭y se旭ected trait in Xiphophorus fishes inferred 
from a mo旭ecu旭ar phy旭ogenys Naturep 368p ズザゾ･ズジゲs https r｠｠dois
org｠ゲグsゲグザ芦｠ザ葦芦ズザゾaグ
Miyap Msp Satop Ysp Fukunagap Tsp Sadop Tsp Pou旭senp Js Ysp Satop Ksp t Iwasakip 
Ws ｪゴグゲズｫs MiFishp a set of universa旭 PCR primers for metabarcoding 
environmenta旭 DNA from fishesr Detection of more than ゴザグ sub-
tropica旭 marine speciess Royal Society Open Sciencep 2ｪゼｫp ゲズググ芦芦s 
https r｠｠doisorg｠ゲグsゲグゾ芦｠rsossゲズググ芦芦
Muschickp Msp Indermaurp Asp ｹ Sa旭zburgerp Ws ｪゴグゲゴｫs Convergent evo-
旭ution within an adaptive radiation of cich旭id fishess Current Biologyp 
22ｪゴジｫp ゴザ葦ゴ･ゴザ葦芦s https r｠｠doisorg｠ゲグsゲグゲ葦｠jscubsゴグゲゴsゲグsグジ芦
Oksanenp Jsp B旭anchetp Fs Gsp Friend旭yp Msp Kindtp Rsp Legendrep Psp Mcg旭innp 
Dsp t Oksanenp Ms Js ｪゴグゲゴｫs Community ecology package: Vegan. 
Version 2.4-0s Retrieved from https r｠｠cransr､proje ctsorg
O旭iveirap As Gsp Gomesp Ls Csp Latinip Js Dsp ｹ Agostinhop As As ｪゴグゲゴｫs 
Imp旭ications of using a variety of fishing strategies and samp旭ing 
techniques across different biotopes to determine fish species 
科架 科 | 科ジゲDOBLE ET AL.
composition and diversitys Natureza e Conservacaop 12ｪゴｫp ゲゲゴ･ゲゲゼs 
https r｠｠doisorg｠ゲグsゲグゲ葦｠jsnconsゴグゲジsグ芦sググジ
Paisp Ms Psp ｹ Cabra旭p Hs Ns ｪゴグゲ芦ｫs Effect of underwater visua旭 survey 
methodo旭ogy on bias and precision of fish countsr A simu旭ation ap-
proach. PeerJp 6p eズザゼ芦s https r｠｠doisorg｠ゲグsゼゼゲゼ｠peerjsズザゼ芦
Paradisp Esp C旭audep Jsp ｹ Strimmerp Ks ｪゴググジｫs APEr Ana旭yses of phy旭oge-
netics and evo旭ution in R 旭anguages Bioinformaticsp 20ｪゴｫp ゴ芦ゾ･ゴゾグs 
https r｠｠doisorg｠ゲグsゲグゾザ｠bioin forma tics｠btgジゲゴ
Peartp Cs Rsp Bi旭旭sp Rsp Wi旭kinsonp Msp ｹ Dayp Js Js ｪゴグゲジｫs Nocturna旭 c旭aro-
teine catfishes revea旭 dua旭 co旭onisation but a sing旭e radiation in Lake 
Tanganyikas Molecular Phylogenetics and Evolutionp 73ｪゲｫp ゲゲゾ･ゲゴ芦s 
https r｠｠doisorg｠ゲグsゲグゲ葦｠jsympevsゴグゲジsグゲsグゲザ
Peartp Cs Rsp Dasmahapatrap Ks Ksp ｹ Dayp Js Js ｪゴグゲ芦ｫs Contrasting geographic 
structure in evo旭utionari旭y divergent Lake Tanganyika catfishess Ecology 
and Evolutionp 8ｪズｫp ゴ葦芦芦･ゴ葦ゾゼs https r｠｠doisorg｠ゲグsゲググゴ｠eceザsザ芦葦グ
Pedrosa､Gerasmiop Is Rsp Babaranp Rs Psp ｹ Santosp Ms Ds ｪゴグゲゴｫs 
Discrimination of juveni旭e ye旭旭owfin ｪThunnus albacaresｫ and bigeye 
ｪT. obesusｫ tunas using mitochondria旭 DNA contro旭 region and 旭iver 
morpho旭ogys PLoS ONEp 7ｪジｫp eザズ葦グジs https r｠｠doisorg｠ゲグsゲザゼゲ｠journ 
a旭sponesググザズ葦グジ
Pereirap Ls Hs Gsp Hannerp Rsp Forestip Fsp ｹ O旭iveirap Cs ｪゴグゲザｫs Can DNA bar-
coding accurate旭y discriminate megadiverse Neotropica旭 freshwater fish 
faunan BMC Geneticsp 14p ゴグs https r｠｠doisorg｠ゲグsゲゲ芦葦｠ゲジゼゲ､ゴゲズ葦､ゲジ､ゴグ
Pontp Dsp Roc旭ep Msp Va旭entinip Asp Civadep Rsp Jeanp Psp Mairep Asp t 
Dejeanp Ts ｪゴグゲ芦ｫs Environmenta旭 DNA revea旭s quantitative patterns 
of fish biodiversity in 旭arge rivers despite its downstream trans-
portations Scientific Reportsp 8ｪゲｫp ゲ･ゲザs https r｠｠doisorg｠ゲグsゲグザ芦｠
sジゲズゾ芦､グゲ芦､ゴ芦ジゴジ､芦
Portp Js Asp OｷDonne旭旭p Js Lsp Romero､Maraccinip Os Csp Learyp Ps Rsp Litvinp Ss 
Ysp Nicko旭sp Ks Jsp t Ke旭旭yp Rs Ps ｪゴグゲ葦ｫs Assessing vertebrate biodiver-
sity in a ke旭p forest ecosystem using environmenta旭 DNAs Molecular 
Ecologyp 25ｪゴｫp ズゴゼ･ズジゲs https r｠｠doisorg｠ゲグsゲゲゲゲ｠mecsゲザジ芦ゲ 
Riazp Tsp Shehzadp Wsp Viarip Asp Pompanonp Fsp Taber旭etp Psp ｹ Coissacp Es 
ｪゴグゲゲｫs EcoPrimersr Inference of new DNA barcode markers from 
who旭e genome sequence ana旭ysiss Nucleic Acids Researchp 39ｪゴゲｫp 
ゲ･ゲゲs https r｠｠doisorg｠ゲグsゲグゾザ｠nar｠gkrゼザゴ
Roncop Fsp B訟scherp Hs Hsp Indermaurp Asp ｹ Sa旭zburgerp Ws ｪゴグゲゾｫs The tax-
onomic diversity of the cich旭id fish fauna of ancient Lake Tanganyikap 
East Africas Journal of Great Lakes Researchp in presss https r｠｠dois
org｠ゲグsゲグゲ葦｠jsjg旭rsゴグゲゾsグズsググゾ
RStudio Team ｪゴグゲズｫs RStudio: Integrated development for Rs Retrieved 
from httpr｠｠wwwsrstud ioscom｠
Sa旭esp Ns Gsp Marianip Ssp Sa旭vadorp Gs Nsp Pessa旭ip Ts Csp ｹ Carva旭hop Ds 
Cs ｪゴグゲ芦ｫs Hidden diversity hampers conservation efforts in a high旭y 
impacted neotropica旭 river systems Frontiers in Geneticsp 9p ゲ･ゲゲs 
https r｠｠doisorg｠ゲグsザザ芦ゾ｠fgenesゴグゲ芦sググゴゼゲ 
Sa旭zburgerp Ws ｪゴグゲ芦ｫs Understanding exp旭osive diversification through 
cich旭id fish genomicss Nature Reviews Geneticsp 19p ゼグズ･ゼゲゼs https r｠｠
doisorg｠ゲグsゲグザ芦｠sジゲズゼ葦､グゲ芦､ググジザ､ゾ
Sa旭zburgerp Wsp Van Bocx旭aerp Bsp ｹ Cohenp As Ss ｪゴグゲジｫs Eco旭ogy and evo-
旭ution of the African Great Lakes and their faunass Annual Review 
of Ecology, Evolution, and Systematicsp 45ｪゲｫp ズゲゾ･ズジズs https r｠｠dois
org｠ゲグsゲゲジ葦｠annur ev､eco旭s ys､ゲゴグゴゲザ､グゾゲ芦グジ
Sch旭ossp Ps Dsp Westcottp Ss Lsp Ryabinp Tsp Ha旭旭p Js Rsp Hartmannp Msp Ho旭旭isterp Es 
Bsp t Weberp Cs Fs ｪゴググゾｫs Introducing mothurr Open､sourcep p旭atform､
independentp community､supported software for describing and com-
paring microbia旭 communitiess Applied and Environmental Microbiologyp 
75ｪゴザｫp ゼズザゼ･ゼズジゲs https r｠｠doisorg｠ゲグsゲゲゴ芦｠AEMsグゲズジゲ､グゾ
Sefcp Ks Msp Baricp Ssp Sa旭zburgerp Wsp ｹ Sturmbauerp Cs ｪゴググゼｫs Species､
specific popu旭ation structure in rock､specia旭ized sympatric cich旭id 
species in Lake Tanganyikap East Africas Journal of Molecular Evolutionp 
64ｪゲｫp ザザ･ジゾs https r｠｠doisorg｠ゲグsゲググゼ｠sググゴザゾ､ググ葦､ググゲゲ､ジ
Shump Psp Moorep Lsp Pampou旭iep Csp Di Murip Csp Vandammep Ssp ｹ Marianip Ss 
ｪゴグゲゼｫs Harnessing mtDNA variation to reso旭ve ambiguity in uRedfishv 
so旭d in Europes PeerJp 5p eザゼジ葦s https r｠｠doisorg｠ゲグsゼゼゲゼ｠peerjsザゼジ葦
Shump Psp Pampou旭iep Csp Kristinssonp Ksp ｹ Marianip Ss ｪゴグゲズｫs Three､di-
mensiona旭 post､g旭acia旭 expansion and diversification of an exp旭oited 
oceanic fishs Molecular Ecologyp 24ｪゲジｫp ザ葦ズゴ･ザ葦葦ゼs https r｠｠dois
org｠ゲグsゲゲゲゲ｠mecsゲザゴ葦ゴ 
Statp Msp Huggettp Ms Jsp Bernasconip Rsp DiBattistap Js Dsp Berryp Ts Esp 
Newmanp Ss Jsp t Buncep Ms ｪゴグゲゼｫs Ecosystem biomonitoring with 
eDNAr Metabarcoding across the tree of 旭ife in a tropica旭 marine 
environments Scientific Reportsp 7ｪゲｫp ゲ･ゲゲs https r｠｠doisorg｠ゲグsゲグザ芦｠
sジゲズゾ芦､グゲゼ､ゲゴズグゲ､ズ
Strayerp Ds Lsp ｹ Dudgeonp Ds ｪゴグゲグｫs Freshwater biodiversity con-
servationr Recent progress and future cha旭旭engess Journal of the 
North American Benthological Societyp 29ｪゲｫp ザジジ･ザズ芦s https r｠｠dois
org｠ゲグsゲ芦ゾゾ｠グ芦､ゲゼゲsゲ
Strick旭erp Ks Msp Fremierp As Ksp ｹ Go旭dbergp Cs Ss ｪゴグゲズｫs Quantifying 
effects of UV､Bp temperaturep and pH on eDNA degradation in 
aquatic microcosmss Biological Conservationp 183p 芦ズ･ゾゴs https r｠｠dois
org｠ゲグsゲグゲ葦｠jsbioconsゴグゲジsゲゲsグザ芦
Takeuchip Ysp Ochip Hsp Kohdap Msp Sinyinzap Dsp ｹ Horip Ms ｪゴグゲグｫs 
A ゴグ､year census of a rocky 旭ittora旭 fish community in Lake 
Tanganyikas Ecology of Freshwater Fishp 19ｪゴｫp ゴザゾ･ゴジ芦s https r｠｠dois
org｠ゲグsゲゲゲゲ｠jsゲ葦ググ､グ葦ザザsゴグゲグsググジグ芦sx
Tisseui旭p Csp Cornup Js､Fsp Beauchardp Osp Brossep Ssp Darwa旭旭p Wsp Ho旭旭andp 
Rsp t Oberdorffp Ts ｪゴグゲザｫs G旭oba旭 diversity patterns and cross､taxa 
convergence in freshwater systemss Journal of Animal Ecologyp 82ｪゴｫp 
ザ葦ズ･ザゼ葦s https r｠｠doisorg｠ゲグsゲゲゲゲ｠ゲザ葦ズ､ゴ葦ズ葦sゲゴグゲ芦 
Untergasserp Asp Cutcutachep Isp Koressaarp Tsp Yep Jsp Fairc旭othp Bs Csp 
Remmp Msp ｹ Rozenp Ss Gs ｪゴグゲゴｫs Primerザ､new capabi旭ities and inter-
facess Nucleic Acids Researchp 40ｪゲズｫp ゲ･ゲゴs https r｠｠doisorg｠ゲグsゲグゾザ｠
nar｠gksズゾ葦
Vadeboncoeurp Ysp McIntyrep Ps Bsp ｹ Vander Zandenp Ms Js ｪゴグゲゲｫs Borders 
of biodiversityr Life at the edge of the Wor旭dvs 旭arge 旭akess Biosciencep 
61ｪゼｫp ズゴ葦･ズザゼs https r｠｠doisorg｠ゲグsゲズゴズ｠biosゴグゲゲs葦ゲsゼsゼ
Va旭entinip Asp Taber旭etp Psp Miaudp Csp Civadep Rsp Herderp Jsp Thomsenp Ps 
Fsp t Dejeanp Ts ｪゴグゲ葦ｫs Next､generation monitoring of aquatic biodi-
versity using environmenta旭 DNA metabarcodings Molecular Ecologyp 
25ｪジｫp ゾゴゾ･ゾジゴs https r｠｠doisorg｠ゲグsゲゲゲゲ｠mecsゲザジゴ芦 
Wagnerp Cs Esp ｹ McCunep As Rs ｪゴググゾｫs Contrasting patterns of spatia旭 ge-
netic structure in sympatric rock､dwe旭旭ing cich旭id fishess Evolutionp 63ｪズｫp 
ゲザゲゴ･ゲザゴ葦s https r｠｠doisorg｠ゲグsゲゲゲゲ｠jsゲズズ芦､ズ葦ジ葦sゴググゾsググ葦ゲゴsx
Widmerp Lsp Roncop Fsp Heu旭ep Esp Indermaurp Asp Co旭ombop Msp Sa旭zburgerp 
Wsp ｹ Rueeggp As ｪゴグゲゾｫs Point､combination transect ｪPCTｫr 
Incorporation of sma旭旭 underwater cameras to study fish commu-
nitiess Methods in Ecology and Evolutionp 10ｪ葦ｫp ゲ･ゲゲs https r｠｠dois
org｠ゲグsゲゲゲゲ｠ゴグジゲ､ゴゲグxsゲザゲ葦ザ 
Yamamotop Ssp Masudap Rsp Satop Ysp Sadop Tsp Arakip Hsp Kondohp Msp t 
Miyap Ms ｪゴグゲゼｫs Environmenta旭 DNA metabarcoding revea旭s 旭oca旭 
fish communities in a species､rich coasta旭 seas Scientific Reportsp 7p 
ジグザ葦芦s https r｠｠doisorg｠ゲグsゲグザ芦｠srepジ グザ葦芦
SUPPORTING INFORMATION
Additiona旭 supporting information may be found on旭ine in the 
Supporting Information sections  
How to cite this article: Dob旭e CJp Hipperson Hp Sa旭zburger Wp 
et a旭s Testing the performance of environmenta旭 DNA 
metabarcoding for surveying high旭y diverse tropica旭 fish 
communitiesr A case study from Lake Tanganyikas 
Environmental DNA. 2020;2:2441. https r｠｠doisorg｠ゲグsゲググゴ｠
edn3.43
